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Rotational  spectra  of  the  1 -»  0 vibrational  band  of  OH 
radical  in  a flame  were  unexpectedly  recorded  in  a resonance 
ionization  detector  (RID)  using  indium  as  the  detector 
element.  Step-wise  excitation  was  employed  in  the  In-RID.  A 
laser  tuned  to  303.9  nm  was  used  as  the  first  excitation  step 
(transition  5p  2P1/2  -»  5d  2D3/2).  The  second  excitation  step  was 
provided  by  a laser  tuned  to  7 86.4  nm  (transition  6p  2P3/2  -» 
10d  2D5/2).  The  ionization  step  was  achieved  through  collisions 
in  the  flame. 

OH  rotational  transitions  in  the  1 -»  0 band  were  excited 
when  the  first  excitation  laser  was  tuned  to  the  range  281  - 
288  nm.  The  second  excitation  step  in  the  RID  was  kept  at 
786.4  nm . 

Two  mechanisms  were  proposed  to  explain  the  detection  of 
OH.  The  fluorescence  capture  mechanism  involved  excitation  of 
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OH  from  v"=0  to  v'  = l followed  by  upward  collisional 
redistribution  to  the  v'=2,  K'=25  level,  which  then  decayed 
radiatively  by  emission  at  303.937  (Qx25  transition  of  2 ■*  1 
band) . The  absorption  of  these  photons  by  indium  atoms  in  the 
flame  served  as  the  first  excitation  step  in  the  In-RID. 

The  energy  transfer  mechanism  involved  excitation  of  OH 
from  v"=0  to  v'=l,  followed  by  collisional  redistribution 
downwards  to  v'=0.  The  first  level  of  the  In-RID  second 
excitation  step,  In  2P03/2f  was  populated  through  energy 
transfer  from  OH  v'=0  to  In  2P°1/2  level. 

Both  mechanisms  were  investigated  during  this  study.  No 
unequivocal  proof  to  the  actual  mechanism  involved  in  the 
detection  of  OH  using  the  OH/In-RID  was  found. 

Optimization  studies  of  the  OH/In-RID  were  performed. 
Among  the  conditions  optimized  were  the  concentration  of 
indium  solution,  the  high  voltage  applied  to  the  collection 
electrode  and  the  gas  flow  rates  in  the  flame. 

The  OH/In-RID  was  proposed  as  a technique  for  combustion 
diagnostics  due  to  its  spectral  (=  30  pm)  and  spatial 
resolution  (volume  probed  = 2 x 10'6  cm3).  Flame  temperature 
measurements  were  determined  using  the  OH/In-RID;  the  results 
were  compared  with  the  values  obtained  by  laser  induced 
fluorescence  (LIF)  technique. 
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CHAPTER  1 
INTRODUCTION 


This  research  work  was  brought  about  by  the  serendipitous 
recording  of  a partial  excitation  vibrational  spectrum  of  the 
transitions  in  the  (1,0)  vibrational  band  of  OH  molecules. 

While  trying  to  observe  an  in  situ  N2  Raman  spectrum  in 
an  atmospheric  pressure  acetylene-air  flame  by  the  utilization 
of  a resonance  ionization  detector  (RID)  with  indium  as  the 
detector  element,  the  spectrum  shown  in  Figure  1 was  recorded. 
The  excitation  laser  was  scanned  from  283.3  to  284.3  nm 
according  to  the  following  explanation.  The  photons  to  be 
detected  in  the  In-RID  used  in  our  experiments  are  called 
signal  photons  and  have  a wavelength  of  303.9  nm  (ABig)  . As 
the  Raman  shift  of  N2  is  2330.7  cm-  <v_J,  the  required 
excitation  wavelength  (>,,„)  is  283.8  nm,  according  to 
equation  (1)  [1,2]: 
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exc 
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Raman 


(1) 


The  partial  excitation  spectrum  from  Figure  1 was  then 
expanded  by  scanning  the  excitation  laser  from  280  to  288  nm, 
as  can  be  observed  in  Figure  2.  More  unexpected  peaks  were 
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observed  and  those  peaks  were  later  assigned  to  transitions  of 
the  OH  radical. 

The  purpose  of  this  dissertation  is  to  describe  the  work 
done  to  characterize  the  phenomenon  pictured  above.  Possible 
mechanisms  that  could  lead  to  the  experimental  data  observed, 
namely  the  fluorescence  mechanism  and  the  energy  transfer 
mechanism,  were  investigated.  The  analytical  optimization  of 
the  experimental  conditions  was  performed  and  the  application 
of  this  method  to  evaluate  flame  temperatures  was  examined. 
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CHAPTER  2 

LASER  ENHANCED  IONIZATION 
Introduction 

Resonance  ionization  spectroscopic  techniques  are  based 
on  the  excitation  of  atomic  or  molecular  species  by  one  or 
more  laser  beams,  followed  by  the  ionization  of  the  excited 
species  and  detection  of  the  electron  of  the  ion-pair 
produced.  The  ionization  step  may  be  achieved  by  different 
means,  such  as  photoionization,  when  another  laser  beam 
produces  the  ions,  or  by  collisional  means,  among  others. 
Laser  enhanced  ionization  (LEI)  is  the  term  utilized  when  the 
ionization  step  is  produced  by  means  of  collisions,  as  it  is 
the  most  general  situation  in  collisional  rich  environments 
such  as  atmospheric  pressure  flames  [2-4], 

Different  types  of  flames  and  burners  have  been  utilized 
as  atomic  sources  for  LEI.  Nitrous  oxide-acetylene  and  air- 
acetylene  flames  are  most  commonly  used  for  analytical 
applications.  The  former  shows  a higher  inherent  flame 
ionization  rate  and  gives  higher  limits  of  detection  (LOD) ,and 
the  air —acetylene  flame  is  generally  used  if  it  can  provide 
effective  atomization  for  the  species  being  studied. 

Pulsed  or  continuous  wave  (cw)  lasers  may  be  employed  as 
excitation  sources.  If  the  latter  are  used  they  typically  are 
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amplitude  modulated  in  order  to  discriminate  against  the 
continuous  thermal  ionization  background  of  the  flame. 

LEI  is  detected  by  the  monitoring  of  the  resulting 
current  produced  by  the  application  of  a voltage  across  the 
flame  through  a circuit  containing  a pair  of  biased  electrodes 
and  therefore  is  an  optogalvanic  method.  The  current  density 
generated  in  a flame  by  the  applied  electric  field  is  a 
measure  of  ionization  rate  in  a certain  volume  (ions  generated 
per  cm  per  s).  So,  changes  in  the  current  produced  by  the  LEI 
can  be  sensed  in  this  type  of  configuration.  The  negative 
biased  electrode,  the  cathode,  collects  the  ions  while  the 
electrons  move  to  the  grounded  burner  anode.  The  collection 
efficiency  can  reach  100%;  this  is  one  of  the  advantages  of 
the  method  when  compared  to  other  spectroscopic  techniques, 
such  as  fluorescence,  which  is  limited  by  its  fractional  solid 
angle  of  photons  collection. 

Several  different  types  and  configurations  of  electrodes 
have  been  used  in  LEI.  Examples  are  the  tungsten  or 
molybdenum  rod  cathodes,  flat  plates  of  similar  materials  and 
the  water-cooled  stainless  steel  cathode.  The  latter  can  be 
immersed  in  the  flame  for  longer  periods  of  time  without 
deterioration  and  shows  a greatly  improved  tolerance  to 
easily  ionized  matrices. 

The  dc  background  current  from  ions  naturally  present  in 
a flame  is  the  ultimate  source  of  limiting  noise  for  LEI.  In 
a typical  LEI  experiment,  the  ac  component  of  the  flame 
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current  is  discriminated  against  the  dc  component  by  means  of 
a resistor-capacitor  network.  Figure  3 shows  a block  diagram 
of  a LEI  setup.  The  LEI  signal  is  amplified  in  a high  gain 
preamplifier  (~  106  V/A)  and  processed  in  a boxcar  integrator. 
Electrical  pickup  of  radio-frequency  interferences  caused  by 
pulsed  lasers  can  be  minimized  by  placing  the  preamplifier  as 
close  as  possible  to  the  burner. 


Thermal  Ionization  Enhancement 

The  LEI  optical  enhancement  of  the  naturally  occuring 
thermal  ionization  in  flames,  in  which  there  are  always 
collisions  to  a certain  extent  (rate  of  collisions  > 109  s'1) 
can  be  easily  explained  [2,5].  The  rate  constant  for 
collisional  ionization  from  a laser  excited  level  j by 
collision  partner  x , kj  (s_1)  can  be  expressed  as  equation  2: 


(2) 


where  nx  is  the  number  density  of  collision  partners  (cm-3) , 
( QkT/jun) 1/2  is  the  average  relative  velocity  of  collision 
partners  (cm  s 3),  k is  the  Boltzmann's  constant  (8.62xl0-5  eV 
k’1),  T is  the  temperature  (K)  , p is  the  reduced  mass  of  the 
collision  pair,  axj  is  the  collision  cross  section  for 
ionization  of  the  analyte  in  level  j (cm2)  and  (Eic-E.j)  is  the 

energy  difference  between  the  ionization  continuum  and  the 
excited  level  j . 
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The  total  rate  of  ionization,  dnion/dt  is  proportional  to 
kj(  as  can  be  seen  from  equation  3: 

dnion/dt  oc  kj  nj  (3) 

where  nj  is  the  number  density  (cm'3)  of  the  laser  excited 
level . 

The  ionization  rate  is  near  1 when  Ej  = Eic.  The  product 
kT  is  approximately  0.22  eV  for  flames  with  T=2500  K and 
therefore  each  eV  of  optical  excitation  provided  by  the  laser 
increases  the  ionization  rate  by  two  orders  of  magnitude,  or 
e . This  increase  in  the  rate  of  ionization  by  the 

promotion  of  atoms  to  higher  energy  levels  is  the  basis  for 
LEI. 


Laser  Perturbation  of  Flame  Ionization 

Atomic  populations  in  a flame  are  optically  perturbed  by 
the  utilization  of  laser  excitation.  Many  of  the  features  of 
LEI  can  be  revealed  by  the  use  of  kinetic  rate  equations  to 
model  the  atomic  populations  in  their  different  energy  levels. 
In  this  rate  equations  approach,  the  time-dependent  population 
of  each  level  is  found  by  solving  a system  of  differential 
equations  [5-8]. 

Different  excitation  schemes  can  be  used  in  LEI  as  shown 
in  Figure  4.  The  excitation  schemes  shown  involve  the  use  of 
one  or  two  laser  beams.  In  the  single  step  excitation  scheme, 
a laser  is  tuned  to  a resonance  transition  of  the  atom  (X^2) 
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and  the  transfer  of  the  atoms  from  the  excited  state  to  the 
ionization  continuum  is  promoted  by  collisions.  In  the  two 
step  or  stepwise  excitation  scheme,  the  atom  is  promoted  to 
the  first  excited  state  (level  1 ) by  a laser  tuned  at  XlH>2.  A 
second  laser  tuned  at  X2_3  promotes  the  atom  to  a higher 
excited  state  and  the  ionization  is  achieved  by  collisions. 
In  this  scheme,  temporal  and  spatial  coincidence  of  the  two 
lasers  in  the  flame  is  imperative,  since  both  excitation  steps 
share  a common  level. 

After  excitation  by  absorption  of  a resonant  photon, 
deactivation  from  the  excited  level  is  possible  by  radiative 
means  (spontaneous  and  stimulated  emission)  and  also  by 
collisional  means  (ionization  or  deactivation  back  to  the 
originating  level  of  the  transition) . 

Single  Step  Excitation 

The  rate  equations  to  be  considered  are  the  following: 


dni 

dt 


^21  n2 


(4) 


dn2 

dt 


■®12 Px  {^12 ) + ^12nx  (Xi2)  n2  ^2in2  ^2in2  ^2in2 


(5) 


rirp 


ni  + n2  + ni 


(6) 
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where  A21  is  the  Einstein  coefficient  of  spontaneous  emission 
(s'1),  B12  is  the  Einstein  coefficient  of  stimulated  absorption 
(cm3  J'1  Hz  s-1)  , B21  is  the  Einstein  coefficient  of  stimulated 
emission  (cm3  J'1  Hz  s'1)  , k12  is  the  rate  of  collisional 

deactivation  (s'1),  k2i  is  the  rate  of  collisional  ionization 
(s'1)  and  pA(X12)  is  the  spectral  energy  density  of  the  laser  (J 
Hz'1  cm'3)  at  wavelength  X12,  nlf  n2  and  n±  are  number  densities 
(cm-3)  and  nT  is  total  atomic  number  density  (cm'3)  . 

This  system  of  equations  can  be  solved  by  standard 
methods.  In  order  to  obtain  the  final  expression  for  n£ 
additional  considerations,  such  as  evaluation  of  the  optical 
saturation  of  the  transition,  must  be  taken  into  account. 
Linear  interaction 

If  the  transition  is  not  saturated,  A21  and  k21  are  much 
bigger  than  B12pA(X12)  and  the  solution  can  be  simplified  as 
follows : 


where  Atx  is  the  laser  pulse  duration. 

The  ratio  n^n^,,  called  the  ionization  yield,  will  depend 
upon  the  rate  of  collisional  ionization  and  the  laser  pulse 
duration,  usually  of  the  order  of  10  ns.  The  rate  constant  k2i 
can  be  increased  by  choosing  an  excited  state  closer  to  the 
ionization  continuum,  but  even  if  k2i» ( A21+k21 ) this  scheme  is 


(7) 
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not  expected  to  produce  any  significant  ionization  yield,  due 
to  the  extremely  small  value  of  B12pA(X12)  Atx. 

Optical  saturation 

When  the  spectral  irradiance  of  the  excitation  laser  beam 
is  sufficiently  high,  the  populations  of  the  two  levels 
involved  in  the  atomic  transition  are  maintained  in  the  ratio 
of  their  respective  degeneracies  during  the  duration  of  the 
laser  pulse: 


In  an  optically  saturated  transition,  B12pA(X12)  is  much 
greater  than  ( A21+k21+k2i ) , i.e.,  the  rate  of  induced  absorption 
is  much  greater  than  the  sum  of  the  deactivation  rates.  Since 
Bi2gi  = B21g2r  the  solution  of  the  differential  equation  yields: 


It  can  be  seen  from  Equation  10  that  the  ionization  yield 
is  again  dependent  upon  the  product  k^Atj.  Therefore, 
significant  ionization  yields  are  not  expected  with  nanosecond 
laser  pulses  for  single  step  saturated  excitation,  unless  k2i 
is  sufficiently  large  due  to  the  closeness  of  the  excited 


ni  ( t ) + n2(t)  = n12  ( t ) 


(8) 


= nT  1 - exp 


(10) 


level  to  the  ionization  continuum. 
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Two-step  Excitation 

The  stepwise  excitation  process  considered  here  is  such 
that  the  energy  difference  between  the  second  excited  level 
and  the  ionization  continuum  is  extremely  low,  so  that 
collisional  ionization  proceeds  instantaneously  and  no 
radiative  or  collisional  losses  are  observed  from  that  level. 
This  assumption  is  valid  for  flames  and  other  environments 
with  a high  collisional  rate.  The  duration  of  both  laser 
pulses  is  the  same,  At0. 

According  to  the  combination  of  the  saturation-non 
saturation  conditions  of  the  two  excitation  transitions,  four 
cases  are  possible: 

1 - Linear  interaction  for  both  steps,  so  n±  is  dependent  on 

both  px(X12)  and  px(X23); 

2 - Linear  interaction  for  step  1,  optical  saturation  for 

step  2,  so  n±  is  dependent  on  px(X12); 

3 - Optical  saturation  for  step  1,  linear  interaction  for 

step  2,  so  nt  is  dependent  on  px(A23)  ; 

4 - Optical  saturation  for  both  steps. 

Expressions  for  calculation  of  ni  can  be  derived  for  all 
four  cases  [6].  Two  expressions  will  be  shown  here,  both 
regarding  low  levels  of  photons  in  the  first  excitation 
transition,  X12,  and  thus  applicable  to  resonance  ionization 


detectors . 
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Linear  interaction  for  both  steps 

The  fraction  of  atoms  ionized  in  this  condition  is  given 
by  equation  11: 


n< 


nn 


exp 


^12 Pa  (^12)  *^23 Pa  (^23) 
■^21+^21 


Atn 


(11) 


Linear  interaction  for  step  1,  optical  saturation  for  step  2 
For  this  case,  n±  is  given  by  following  equation: 


nT  1 1 exp  ( -®i2Px  (^12)  At0)  ] • (12) 


When  typical  values  for  the  parameters  involved  in 
equations  11  and  12  are  assumed  (B12=B23=1024  cm3  J'1  s'1  Hz, 
A2i=k2i=l°9  s'1,  At0=10‘8  s,  Px(A12)=  10'18  J cm-3  Hz-1  and  pA(A23)  = 
10"16  J cm'3  Hz'1),  the  ionization  ratio  yields  approximately 
0.05%  for  the  case  of  linear  interactions  of  both  lasers  and 
almost  1%  for  when  transiton  X23  is  saturated.  Values  of 
ionization  yield  close  to  100%  can  be  achieved  by  an  increase 
in  the  pA(A12)  employed  for  the  case  of  saturation  of  the 
second  step.  As  a result  of  these  considerations,  it  can  be 
seen  that  two  step  excitation  with  saturation  of  the  second 
excitation  transition  must  be  used  if  it  is  desired  to  obtain 
significant  ionization  yields  [9]. 
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LEI  Analytical  Performance 

LEI  as  an  analytical  method  has  several  advantages  over 
other  conventional  spectroscopic  methods,  most  of  them  based 
on  the  selective  excitation  processes  and  on  the  ionization 
detection  mechanism. 

Axner  and  Rubinsztein-Dunlop  [7]  calculated  the  lowest 
detectable  concentrations  to  be  in  the  range  0.1  - 1 pg/ml, 
based  on  three  times  the  standard  deviation  in  the  d.c. 
current.  Typical  flame  conditions  were  assumed  and  the 
fundamental  limitation  of  the  number  of  created  electrons  that 
are  needed  for  detection  was  given  by  the  statistical  shot- 
noise  fluctuations  in  the  natural  background  current  through 
the  flame. 

Several  elements  have  been  determinated  by  LEI,  among 
them  Ag,  Al,  Au,  Bi,  Ca,  Cd,  Co,  Cr,  Cs,  Fe,  In,  K,  Li,  Mg, 
Na,  Pb,  Sn,  W and  Yb.  LEI  in  trace  element  analysis  shows 
detection  limits  in  the  range  of  1 - 100  pg/ml  for  aqueous 
solutions  with  one  step  excitation  of  elements  with  low  or 
moderate  ionization  potentials.  Even  for  elements  with  higher 
ionization  potential,  detection  limits  in  the  pg/ml  range  can 
be  frequently  achieved  when  a second  step  excitation  is  added, 
which  is  in  excellent  agreement  with  the  theoretical  value 
mentioned  above.  This  shows  again  the  drastic  increase  in  the 
sensitivity  of  the  method  by  the  use  of  stepwise  instead  of 
single  step  excitation  [10-13]. 
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For  many  elements,  LEI  detection  limits  in  aqueous 
solution  are  comparable  to  or  better  than  the  ones  achieved  in 
graphite  furnace  - atomic  absorption  spectrometry  and 
inductively  coupled  plasma  - mass  spectrometry.  The  best 
detection  limits  are  usually  achieved  by  elements  with  low  to 
moderate  ionization  potential. 

The  high  sensitivity  of  the  technique  is  based  upon 
several  of  its  features.  The  detection  of  electrons  means  that 
almost  a 100%  collection  efficiency  can  be  achieved,  whereas 
fluorescence  techniques,  for  example,  cannot  collect  4 rr 
steradians  of  the  emitted  photons.  In  addition,  LEI  does  not 
suffer  from  background  due  to  scattered  laser  excitation 
light,  flame  background  light  or  ambient  light  and  self- 
absorption  losses. 

Linear  dynamic  ranges  reported  are  typically  four  to  five 
orders  of  magnitude.  The  upper  limit  results  from  nonlinear 
collection  efficiency  due  to  the  large  number  of  charges 
created. 

The  high  selectivity  of  LEI  is  due  to  the  utilization  of 
narrow  laser  pulses  for  the  excitation  process.  Pulsed  dye 
laser  bandwidths  of  the  order  of  0.3  cm-1  give  spectral 
resolving  powers  equivalent  to  the  best  spectrometers  used  in 
atomic  emission  (~105)  and  at  least  as  good  as  the  ones 
achieved  in  atomic  absorption  spectrometry  (AAS).  However, 
laser  sources  used  in  LEI  have  the  advantage  of  being  tunable. 
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LEI  selectivity  can  be  further  improved  by  the  use  of  a second 
step  excitation  in  stepwise  excitation  processes  due  to  the 
small  probability  of  having  the  two  excitation  wavelengths 
from  the  analyte  coincident  with  two  transitions  of  another 
element . 

LEI  suffers  from  some  interferences  that  limit  its 
performance  as  a trace  element  technique.  There  are  some 
interferences  that  are  not  related  to  the  laser  source,  such 
as  the  background  thermal  ionization  of  the  flame  species  or 
from  the  sample  matrix  and  the  production  of  charge  sheaths  at 
the  electrode  by  continuous  ionization  in  the  flame.  The 
latter  can  impair  the  charge  collection  efficiency  and  affect 
the  accuracy  and  can  be  reduced  by  the  use  of  an  immersed 
stainless  steel  water-cooled  electrode. 

The  laser  excitation  source  may  also  induce  some 
interferences.  Atomic  species  other  than  the  analyte  can 
spectrally  interfere  in  the  excitation  step;  however,  this  can 
be  considerably  reduced  by  stepwise  excitation  and  the  use  of 
laser  powers  which  can  affect  the  analyte  and  the  interferent 
differently.  For  example,  LEI  signals  can  be  acquired  when  the 
saturation  condition  is  achieved  by  the  analyte  and  not  by  the 
interferent  species,  thus  improving  the  selectivity. 

Ionization  signals  can  originate  from  photoionization  of 
matrix  elements  in  the  system.  Photoionization  can  be  observed 
from  the  highly  populated  ground  state,  when  the  ionization 
potential  is  smaller  than  the  photon  energy,  from  thermally 
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populated  excited  states  or  from  excited  states  that  are 
populated  due  to  laser  excitation. 

NO  molecules  in  N20-based  flames  can  cause  spectral 
problems  due  to  resonant  enhanced  multiphoton  ionization.  For 
NO,  two  photons  of  wavelength  smaller  than  290  nm  are 
sufficient  to  photoionize  the  molecule.  On  the  other  hand,  CH 
and  OH  molecules  do  not  contribute  to  the  background  LEI 
signal,  because  even  if  they  have  molecular  absorption  bands 
in  the  scanned  region,  the  excited  molecule  has  a larger 
tendency  to  dissociate  than  to  ionize. 

LEI  has  been  used  in  applications  other  than  trace 
analysis  [7,14].  Examples  of  these  applications  are  flame  rise 
velocity  measurements,  determination  of  mobilities  and 
diffusion  processes  in  flames,  measurements  of  metastable 
lifetimes  of  atoms  in  flames,  determinations  of  ion-electron 
recombination  rates  and  study  of  the  effect  of  easily 
ionizable  elements  on  ion-electron  recombination  in 
inductively  coupled  plasmas. 


CHAPTER  3 

INDIUM  - RESONANCE  IONIZATION  DETECTOR 
Resonance  Monochromators 

The  usual  method  of  isolation  of  a resonance  line  is  by 
the  use  of  a grating  monochromator.  Wood  in  his  innovative 
work  at  the  beginning  of  the  century  [15,16]  demonstrated  an 
alternative  way  of  isolating  resonance  lines.  He  used  what  is 
called  today  a resonance  monochromator.  In  this  approach,  the 
resonance  lines  emitted  from  an  atomic  species  can  be  isolated 
when  they  are  passed  through  and  absorbed  by  atomic  vapor  of 
the  same  element  and  subsequently  reemitted  and  collected, 
usually  at  an  angle  of  90°  by  a photomultiplier. 

Sullivan  and  Walsh  proposed  in  1968  the  use  of  resonance 
monochromators  (RM)  in  modern  spectroscopy,  as  shown  in  Figure 
5 [17].  In  that  work  and  in  some  previous  ones  [18,19],  they 
discussed  different  types  of  devices  for  the  production  of  the 
resonance  radiation,  such  as  hollow  cathode  lamps  and  cathodic 
sputtering  in  an  electrical  discharge,  as  well  as  resonance 
detectors  of  the  thermal  and  sputtering  types.  Potential 
advantages  of  the  RM  were  stressed,  namely  resolution  of  the 
order  of  atomic  linewidths  (0.01  A)  determined  mainly  by  the 
physical  conditions  prevailing  in  the  detector  and  blindness 
to  nonresonance  light  emitted  by  the  atomic  vapor  reservoir. 
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Examples  of  atomic  cells  used  as  resonance  detectors 
include  hollow  cathode  lamps  [20,21],  flames  [22]  and  furnaces 
[23].  Spectroscopic  techniques  such  as  fluorescence  [24], 
optogalvanic  effect  [21,25,26]  and  atomic  absorption  [23]  were 
employed  with  the  RM. 

RMs  have  been  mainly  used  in  atomic  absorption  analysis 
and  mathematical  expressions  for  calculation  of  radiance  and 
absorbance  for  atomic  absorption  with  resonance  monochromators 
were  derived  by  Palermo  and  Crouch  [27]. 

Resonance  Ionization  Detectors 

Matveev  et  al . first  proposed  a resonance  photon  detector 
based  on  stepwise  atomic  photoionization  [28,29].  This 
detector  is  known  as  a resonance  ionization  detector  and  it  is 
pictured  in  Figure  6.  In  a resonance  ionization  detector 
configuration,  the  detector  compartment  is  filled  with  vapor 
of  the  detector  atomic  element,  mainly  in  its  ground  state. 
The  detector  is  always  irradiated  with  photons  of  energy  hv23 
corresponding  to  a second  excitation  step  for  that  element. 
The  photons  to  be  detected  must  have  energy  hv12  corresponding 
to  the  first  excitation  step  for  the  detector  element.  They 
are  emitted  by  another  radiation  source  (the  sample 
compartment)  as  a result  of  some  excitation  process  and  are 
collected  into  the  resonance  detector.  After  the  excitation 
processes,  the  ionization  of  the  detector  element  is  usually 
achieved  by  collisions  if  the  detector  reservoir  is  a flame. 
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Photoionization  may  occur  if  energy  hv23  is  adequate  or  if  a 
third  laser  with  energy  hv3i  is  employed.  The  analytical  signal 
is  the  electrical  current  measured  in  the  ionization  detector 
[30],  The  number  of  ion-pairs  created  in  the  detector  is 
proportional  to  the  number  of  photons  v12  absorbed  in  the  first 
excitation  step;  therefore,  the  photon  detection  is  based  on 
ionization. 

Some  of  the  advantages  of  a RID  are  the  sensitivity,  the 
high  quantum  efficiency,  the  large  solid  angle  of  collection 
of  the  incoming  radiation  (up  to  2n  sr)  and  the  high  spectral 
resolution.  Another  advantage  is  the  fact  that  the  excitation 
and  detection  processes  are  physically  separated  in  two 
independent  atomizers. 

The  detector  reservoir  is  one  of  the  most  important 
elements  of  the  RID.  Two  main  types  of  cells  have  been  used, 
open  cells  in  the  form  of  flames  and  closed,  evacuated  cells 
in  the  form  of  hollow-cathode  lamps,  high-frequency  spectral 
lamps  and  chambers  with  heated  walls  [31].  Several  advantages 
of  using  flames  as  atomic  reservoirs  for  RID  can  be  pointed 
out.  The  energy  requirements  for  the  ionization  step  can  be 
minimized,  due  to  the  flame  thermal  energy,  the  solutions  used 
to  produce  atomic  vapors  are  easily  replaced,  and  the  level  of 
intrinsic  noise  is  low. 

The  signal  photons  emitted  from  the  sample  compartment 
are  not  the  only  radiation  collected  into  the  RID  that  can 
cause  a pulsed  signal.  Scattering  in  the  sample  compartment 
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from  unvaporized  matrix  particles  and  thermal  emission  from 
the  matrix  and  analyte  can  also  contribute  to  the  total  signal 
in  the  RID.  If  the  scattered  light  is  non— resonant  an 
appropriate  cut-off  filter  can  be  used  to  prevent  it  from 
reaching  the  RID.  Another  possibility  is  to  delay  the 
excitation  laser  in  the  RID  until  the  scattering  is 
minimized,  which  can  be  difficult  to  realize  in  atomizers  with 
a high  collision  frequency.  Other  possibility  is  to  decrease 
the  laser  intensity  for  the  sample  compartment  if  the 
excitation  processes  are  saturated,  and  therefore  linearly 
reduce  the  scattered  radiation  with  minimal  losses  of  the 
signal  photons  [30]. 

RIDs  have  been  used  successfully  for  recording  absorption 
lines  in  atomic  absorption  and  in  intracavity  laser 
spectroscopy  [32].  Different  general  optical  schemes  have  been 
proposed  and  evaluated  for  the  RID  by  different  research 
groups  [33,34]. 

The  utilization  of  the  RID  for  detection  of  Raman 
scattering  was  proposed  and  theoretically  evaluated  by  Smith 
et.  al  [35].  The  first  experimental  demonstration  of  the 
detection  of  Raman  photons  by  means  of  LEI  of  magnesium  atoms 
in  an  air-acetylene  flame  using  carbon  tetrachloride  as  the 
Raman  scattering  species  was  later  demonstrated  [36]. 

A comprehensive  investigation  of  magnesium  as  a resonance 
ionization  detector  element  was  performed  by  Petrucci  et . al 
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[37],  The  Mg-based  flame  RID  was  shown  to  be  capable  of 
detecting  about  1000  photons  with  a resolution  of  better  of 
0 . 5 cm'1 . 

RID  Figures  of  Merit  [38] 

The  primary  and  most  significant  figure  of  merit  of  a 
photon  detector  is  its  quantum  efficiency  (QE),  i.e.,  the 
ratio  between  the  number  of  ion-pairs  created  in  the  detector 
and  the  number  of  incident  photons. 

In  the  absence  of  a metastable  state,  r)l  represents  the 
fractional  probability  of  ionization  and  it  is  given  by 
equation  13  (refer  to  Figure  4): 

rj  * - k21  + k3iA  g3i  -T23  (13) 
•^2i+^3i+  °3i-^23+-^  21+-^21 

where  a3i  is  the  peak  cross-section  of  the  transition  level 
3-»ic,  evaluated  at  the  central  frequency  of  the  transition 
(cm2),  I23  is  the  laser  photon  irradiance  integrated  over  the 
emission  spectral  bandwidth  (s'1  cm'2),  k2i  and  k3i  are  rates  of 
collisional  ionization  (s'1),  A21  is  the  Einstein  coefficient 
of  spontaneous  emission  (s'1)  and  k21  is  the  rate  of 
collisional  deactivation  (s'1). 

The  quantum  efficiency  is  then  defined  by  equation  14: 

' a12  al 


QE  = T)!*  [ 1 - e 


(14) 
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where  labs  is  the  absorption  length  (cm)  and  nx  is  the  atomic 
number  density  in  the  ground  state  (cm'3)  . The  quantity  inside 
the  brackets  represents  the  fraction  of  photons  absorbed  by 
the  ground  state  nx  over  the  entire  absorption  length  and 
should  be  unity,  which  is  easy  to  achieve  for  transitions  of 
moderate  strengths  (a12  ~ 10'12  - 10'14  cm2). 

Another  figure  of  merit  of  a RID  is  the  ion  yield  (YJ  , 
defined  as  the  ratio  between  the  number  of  ion-pairs  created 
during  the  interaction  and  the  number  of  atoms  present  in  the 
probe  volume . 

Ion  yield  mathematical  expressions  have  been  derived  by 
Omenetto  et  al . for  three  cases:  linear  interaction  for  both 
excitation  steps,  linear  interaction  for  the  first  step  in  the 
absence  of  the  second  excitation  step  and  optical  saturation 
for  the  first  step  and  linear  interaction  for  the  second  step. 
Those  expressions  can  be  found  in  reference  38. 

An  ionization  method  can  be  used  either  as  an  analytical 
method  or  as  a photon  detector.  When  the  approach  is  the 
analytical  method,  the  requirement  is  to  achieve  unity  ion 
yield,  irrespective  of  the  number  of  primary  photons  necessary 
to  form  an  ion-pair.  On  the  other  hand,  if  the  method  is  to  be 
used  as  a photon  detector,  the  requirement  is  to  have  unity 
quantum  efficiency,  and  one  ion-pair  should  be  created  by  each 
primary  photon  absorbed. 


Line-broadening  Mechanisms 
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Atomic  lines  have  a finite  frequency  (or  wavelength) 
distribution.  The  width  of  a line  is  generally  described  by 
its  width  at  one-half  of  the  maximum  height,  or  full-width  at 
half  maximum  ( FWHM ) . When  a laser  with  a narrow  exciting 
linewidth  (Avexc)  is  used  in  a RID,  the  resolution  of  the 
detector  is  determined  mainly  by  the  physical  conditions 
existing  in  the  detector  compartment.  The  response  profile  of 
the  RID  is  then  the  result  of  a variety  of  line-broadening 
phenomena. 

Natural  broadening 

Due  to  emission  and  absorption  from  radiation  and 
collisional  processes,  the  energy  states  j (upper)  and  i 
(lower)  participating  in  an  atomic  excitation  process  have 
finite  lifetimes.  This  radiative  or  natural  lifetime  causes 
natural  broadening  (AvN,  Hz)  and  is  given  by  equation  15: 

(15) 

where  A.^  is  the  Einstein  coefficient  for  spontaneous  emission 
(s  ).  Natural  broadening  is  usually  negligible  when  compared 
to  other  broadening  sources. 

Spontaneous  emission  of  photons  leads  to  an  exponential 
time  decay  of  the  excited— state  population.  As  a consequence, 
the  radiation  emitted  has  a frequency  distribution.  The 
frequency  distribution  resulting  from  natural  broadening  is 
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described  by  a Lorentzian  or  dispersion  function.  The 
normalized  spectral  profile  due  to  the  natural  broadening  SvN 
(Hz)  is  symmetric  with  respect  to  the  line  center  and  is  given 
by: 


vN 


2/  (jt  AVy) 

1 + [2 (v^-v)  /Av„] 2 


(16) 


where  vm  is  the  freguency  at  the  line  center  (Hz). 
Collisional  broadening 

Broadening  caused  by  collisions  increases  with  the 
concentration  of  collision  partners  and  is  also  called 
broadening.  Collisions  can  leave  the  atom  in  the  same 
ener9Y  level  or  a different  one,  and  are  called  respectively 
adiabatic  or  diabatic  collisions. 

Diabatic  collisions  reduce  the  lifetime  of  the  initial 
state  and  originate  an  exponential  decay  of  the  excited-state 
population  with  time.  The  half-width  of  a diabatic  collision 
(Avd,  Hz)  is  given  by  equation  17: 


Avd  = 


(17) 


where  kj  is  the  collisional  deactivation  rate  (s_1). 

The  adiabatic  collision  half— width  (Ava,  Hz)  is  given  by: 


n . 


(18) 
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where  k is  the  Boltzmann  constant  (J  K"1)  , T is  the  temperature 
(K)  , p is  the  reduced  mass  of  the  collision  pair,  aa  is  the 
optical  cross  section  for  adiabatic  collision  broadening  (cm2) 
and  nx  is  the  number  density  of  collision  partners  (cm'3)  . 

The  spectral  line  profile  of  lines  broadened  by  adiabatic 
or  diabatic  collisions  can  be  represented  by  a Lorentzian 
function  of  the  form  of  equation  16  with  Ava  or  Avd  replacing 
Avn. 

If  natural  and  collisional  broadening  are  assumed  to  be 
mutually  independent,  the  total  FWHM  of  the  Lorentzian  profile 
(Avl,  Hz)  is  given  by  equation  19: 

Av^ = Av^+Avc  (19) 

where  Avc  (Hz)  is  the  FWHM  from  adiabatic  and  diabatic 
collisions.  In  flames,  Avc  » Av„  and  AvL  ~ Avc,  and  so  the 
adiabatic  collision  broadening,  which  is  usually  much  larger 
than  the  diabatic  one,  will  be  the  main  source  of  broadening. 

The  total  spectral  profile  (SvL,  Hz)  is  also  Lorenztian 
and  has  the  form  of  equation  17,  with  AvL  replacing  AvN. 
Doppler  broadening 

Doppler  broadening  is  caused  by  the  statistical 
distribution  of  velocities  of  the  emitting  or  absorbing  atoms 
along  the  observation  path.  The  Doppler  FWHM  (AvD,  Hz)  is 
given  by  equation  20: 
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AVp  = 2 


2 (ln2)  kT  l1/2 


(20) 


m 


c 


where  m is  the  atomic  weight  (g)  and  c is  the  speed  of  light. 

If  the  velociy  of  the  atom  does  not  change  while 
radiating,  the  distribution  of  velocities  predicted  by 
Maxwell's  law  is  a Gaussian  function.  Therefore,  the  profile 
of  a Doppler-broadened  line,  SvD  (Hz),  has  also  a Gaussian 
shape: 


Doppler  broadenings  are  predominant  in  low  pressure 
environments . 


The  characterization  of  indium  as  a RID  element  in  a 
flame  was  done  by  Badini  et.  al  [39].  The  authors  used  a 
stepwise  excitation  scheme,  with  a laser  tuned  to  303.9  nm  as 
the  first  excitation  step  (transition  5p  2P1/2  ■*  5d  2D3/2)  and 
with  the  second  excitation  step  provided  by  a laser  tuned  to 
786.4  nm  (transition  6p  2P3/2  ->  lOd  2D5/2).  The  initial  level  of 
the  second  excitation  step  is  not  connected  optically  to  the 
final  level  of  the  first  excitation  level,  being  populated 
only  through  collisions. 


(21) 


Indium  as  a RID  Element 
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The  choice  of  the  first  excitation  transition  was  based 
on  the  fact  that  its  final  level  (5d  2D3/2)  is  not  appreciably 
populated  in  a flame  and  therefore  does  not  contribute 
significantly  to  the  background  noise  when  the  second 
excitation  step  is  added. 

The  final  level  of  the  second  excitation  (lOd  2D5/2) 
transition  lies  only  0.228  eV  below  the  ionization  continuum. 
The  collisional  ionization  probability  in  this  case  is  close 
to  unity , since  this  energy  difference  is  smaller  than  3kT  in 
a collisional  rich  environment,  i.e.,  an  atmospheric  pressure 
flame . 

The  QE  reported  for  their  system  [39]  was  0.76,  the 
minimum  detectable  energy  (based  on  S/N=3)  was  1 x 10"15  J and 
the  minimum  detectable  number  of  photons  was  1600. 

Experimental 

The  experiments  conducted  to  characterize  the  performance 
of  the  In-RID  in  our  system  used  the  experimental 
configuration  shown  in  Figure  7.  A frequency  doubled  Nd-YAG 
laser  (532  nm)  (Model  YG581-30;  Continuum,  Santa  Clara,  CA) 
was  used  to  pump  two  dye  lasers  (Models  TDL-50;  Continuum, 
Santa  Clara,  CA) . The  Nd-YAG  output  was  typically  300  mJ  per 
pulse,  with  a pulse  duration  of  12  ns.  The  pump  energy  was 
split  in  a ratio  40%/60%  to  pump  the  dye  lasers.  One  of  the 
dye  lasers,  pumped  with  180  m J , was  used  for  the  transitions 
in  the  near-IR  region.  The  other  dye  laser,  pumped  with  120 
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mJ,  was  used  for  the  transitions  in  the  UV  region,  after  the 

fundamental  output  was  doubled  with  a KDP  frequency 
doubling  crystal.  In  the  latter  case,  the  fundamental  and  the 
doubled  output  could  be  either  separated  by  the  use  of  a low 
bandpass  colored  filter,  which  absorbed  the  visible 
wavelengths,  or  by  the  use  of  a Pellin— Broca  prism.  The  dyes 
used  for  the  generation  of  the  wavelengths  necessary  to  the 
work  were  from  the  rhodamine  family  (Rhodamine  590,  Rhodamine 
640,  Rhodamine  610,  or  mixtures  of  these  dyes)  for  the  UV 
generation  or  from  the  LDS  family  (LDS  765  or  a mixture  LDS 
765/LDS  821)  for  the  generation  of  the  near-IR  wavelengths. 
The  two  dye  laser  beams  were  counterpropagating  in  the  flame. 
They  were  also  made  spatially  and  temporally  coincident  in  the 
flame.  Temporal  coincidence  of  the  two  beams  was  checked  with 
a fast  photodiode,  risetime  < 200  ps  (ET  2000;  Electro-Optics 
Technology,  Fremont,  CA)  whose  output  was  connected  to  a fast 
digitizing  oscilloscope  (Model  2430A;  Tektronix,  Inc., 
Beaverton,  OR)  . The  fast  photodiode  was  placed  at  the  position 
occupied  by  the  flame  in  the  set-up  and  the  laser  beams  were 
alternately  sent  to  the  photodiode.  The  temporal  coincidence 
was  then  achieved  by  increasing  or  decreasing  the  path  length 
of  one  of  the  beams  until  both  beams  were  temporally 
coincident. 

For  the  In-RID,  the  wavelength  used  to  emulate  the  signal 
photons  to  be  detected  and  thus  representing  the  first 
excitation  step  was  303.9  nm.  The  laser  beam  was  expanded  8- 
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reduced  to  2 nun  in  diameter  with  an  iris  diaphragm  and 
attenuated  with  neutral  density  filters  before  going  to  the 
flame.  The  best  signal  observed  was  when  the  second  excitation 
step  utilized  was  at  786.4  nm;  in  this  case,  the  laser  beam 
was  reduced  to  3 mm  in  diameter  before  going  into  the  flame. 

The  mini-burner  used  to  support  the  air-acetylene  flame 
was  a 2 cm  long,  1.9  mm  i.d.  stainless-steel  tube  that  was 
pressure  fitted  into  a phenolic  base.  The  phenolic  base  was 
fitted  into  a conventional  atomic  absorption  pre— mix  spray 
chamber.  An  aluminum  tube  was  used  as  a radio— frequency  pick- 
up shield  for  the  burner.  A complete  description  of  this 
burner  can  be  found  in  reference  37. 

A premixed  acetylene-air  flame  was  utilized.  The  flow 
rates  were  108  cm3/min  for  the  acetylene  and  800  cm3/min  for 
the  air. 

A laboratory-constructed  ultrasonic  nebulizer  was  used  to 
carry  the  2%  indium  solution  used  in  the  experiments  into  the 
flame.  The  nebulization  rate  used  assured  an  indium 
concentration  in  the  flame  sufficient  to  absorb  = 100%  of  the 
signal  photons.  This  was  checked  by  measuring  the  absorbance 
of  an  In-hollow  cathode  lamp  303.9  nm  line  going  into  the 
flame  with  a monochromator  and  a photomultiplier  tube. 

Detection  of  the  current  produced  in  the  RID  was  made  by 
applying  a high  voltage  (usually  -1200  V)  between  the  burner 
tube,  the  anode,  and  an  immersed  water-cooled  tubular 
stainless  steel  electrode  (3  mm  o.d. ) , the  cathode. 
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The  laser-induced  current  was  a.c.  coupled  into  a 
current- to-volt age  transimpedance  amplifier  (Model  Al , Thorn 
EMI;  Gencom,  Plainview,  N.Y. ) by  a high-voltage  capacitor  (2.2 
nF,  2 kV) . 

The  resulting  voltage  output  was  sampled  with  a boxcar 
integrator  (Model  SR245;  Stanford  Research  Systems,  Palo  Alto, 
CA)  and  processed  by  a personal  computer. 

Saturation  curves  were  obtained  by  attenuation  of  the 
intensity  of  the  laser  beams  with  the  appropriate  neutral 
density  filters. 

Absorption  experiments  were  required  to  calculate  the  QE 
of  the  detector.  In  this  case,  the  signal  photons  were  sent  to 
a photodiode  placed  in  the  laser  path  after  the  flame.  The  LEI 
and  the  photodiode  transmittance  signal  were  then 
measured  simultaneously  while  the  laser  was  scanned  through 
the  303.9  nm  transition.  The  signals  were  fed  into  boxcars  and 
computer  processed. 

The  transimpedance  amplifier  was  calibrated  for  charge 
integration.  Rectangular  voltage  pulses  of  known  amplitude 
(0.040  - 5.000  V)  and  duration  (20-500  ns)  were  injected  into 
a current  divider , i . e . , the  input  to  the  amplifier  was  the 
charge  taken  at  the  open  end  of  a 588  kfi  resistor.  The  output 
signal  was  measured  directly  with  an  oscilloscope  after 
setting  the  width  of  the  boxcar  gate  equal  to  the  width  of  the 
output  signal  (at  its  base).  The  calibration  factor  (V  s/A  s) 
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was  calculated  by  dividing  the  integrated  output  signal  in  the 
scope  (Vs)  by  the  amount  of  charge  injected  (As). 

Results  and  Discussion 

The  In-RID  was  evaluated  for  our  experimental  conditions 
both  for  one  step  excitation  and  for  stepwise  excitation, 
followed  by  ionization  through  collisions  in  the  flame. 

Calibration  of  the  Transimpedance  Amplifier 

The  total  charge  injected  into  the  amplifier  was 
calculated  using  the  following  equation: 


q.  = VJEA (22) 

588  x-103Q 

where  q±  is  the  injected  charge  (C)  , V±  is  the  injected  pulse 
voltage  (V)  and  (s)  is  the  duration  of  the  injected  pulse. 

For  a nominal  setting  of  105  V/A  on  the  amplifier  the 
calculated  calibration  factor  was  (8.66  ± 0.52)  x 104  V s/A  s. 
This  factor  was  independent  of  the  injected  pulses  voltage  and 
amplitude  within  the  range  tested. 

One-step  Excitation 

Using  a single  step  excitation  at  A12  = 303.9  nm,  the 
dependence  of  the  LEI  signal  on  B12pA(A12)  was  evaluated.  The 
transition  could  be  saturated  with  a laser  energy  of  350  nJ, 
as  shown  in  Figure  8.  This  energy  value  corresponds  to  a 
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spectral  energy  density  of  5.71  x 10-19  J cm'3  Hz'1,  assuming 
a laser  bandwidth  of  6.50  x 1010  Hz  (20  pm),  a beam  diameter 
of  2 mm  and  a laser  pulse  width  of  10  ns. 

At  low  energy  values,  there  is  a nearly  linear  dependence 
between  the  LEI  signal  and  B12px(A12).  A log-log  plot  yields  a 
slope  of  1.19  for  this  part  of  the  curve,  as  shown  in  Figure 
9.  The  plateau  obtained  for  higher  laser  energy  values  shows 
that  at  those  high  energy  spectral  density  values  the  rate  of 
induced  absorption  is  much  greater  than  the  sum  of  radiative 
and  collisional  deactivation  processes,  i.e.,  B12pA(A12)  » (A21 
+ k21  + k2i ) . 

As  discussed  in  Chapter  2,  this  excitation  scheme  is  not 
expected  to  produce  any  significant  ionization  yield,  even  for 
saturation  conditons.  In  this  scheme,  the  ionization  yield  is 
dependent  on  the  product  k2iAtx.  Since  the  laser  pulse  width  is 
only  10  ns,  the  ionization  yield  depends  on  how  large  k2i  is, 
i.e.,  how  close  the  excited  state  is  to  the  ionization 
continuum  level.  The  excited  state  reached  by  A12  (2D3/2)  lies 
-1.7  eV  below  the  ionization  continuum  and  therefore  the  k2i 
va-lue  is  not  expected  to  be  sufficiently  large.  Energy  values 
of  - 3kT  are  a reasonable  estimate  for  the  energy  that  can  be 
provided  by  collisional  ionization  schemes. 


• 

p 

0 

I — I 

a 

p 

(0 

<D 

a 

-H 

iP 

1 

C 

H 

4-1 

O 

c 

o 

-H 

P 

<d 

P 

-H 

O 

X 

0) 

a 

0 
p 
w 

1 

d) 

c 

o 

M 

O 

4-1 

0) 

> 

M 

3 

O 

c 

o 

•H 

p 

<d 

M 

3 

P 

(d 

w 


oo 

d) 

M 

3 

tn 

■H 

a 


47 


O 

O 


O 


O 

O 


(• 


rrD 


) 


A}isua}ui  |3~| 


200  300  400  500  600  700 

Energy  (nJ) 


-p 

o 

rH 

a 

cn 

0 

I — I 

1 

Cn 

0 

PI 

I 

G 

H 

m 

O 

G 

O 

•P 

cd 

-P 

•H 

O 

X 

(U 

ft 

<U 

-P 

cn 

d) 

G 

O 

M 

O 

m 

<D 

> 

M 

G 

U 

G 

O 

•H 

-P 

(d 

p 

G 

-P 

<d 

w 


<X\ 

0) 

M 

G 

Cn 

•H 

ft 


49 


O 


LO 

6 


o 

6 


1-5  2.0  2.5  3.0  3.5 

Log  Energy  (nJ) 


Step-wise  Excitation 


50 


The  excitation  steps  evaluated  were  A12=303.9  nm  and 
A23=786.4  nm.  The  increase  in  LEI  intensity  signal  was  about 
10  times  when  the  second  step  excitation  scheme  was  added. 
Saturatxon  curves  were  performed  for  both  excitation 
transitions . 

Saturation  curve  for  Xi: 

The  dependence  of  the  signal  on  B12pA(A12)  was  evaluated 
while  having  233  pj  of  energy  in  the  second  step.  As  can  be 
seen  in  Figure  10,  the  transition  could  be  saturated  with  a 
laser  energy  of  « 7 nJ,  which  corresponds  to  a spectral  energy 

density  of  = 1.14  x 10-  J cm-  Hz-  if  the  beam  diameter  is 
assumed  to  be  2 mm. 

The  log-log  plot  is  shown  in  Figure  11.  For  the  linear 
portion  of  the  curve,  the  slope  is  1.032,  showing  the  linear 
dependence  of  the  LEI  signal  on  B12pA(A12)  . As  predicted  by  the 
rate  equations  theory,  the  signal  intensity  becomes 
independent  of  the  laser  energy  at  higher  energy  levels. 
Saturation  curve  for  A-, 

The  dependence  of  the  LEI  signal  on  B23pA(A23)  was 
evaluated  while  having  83  pj  of  energy  in  the  first  excitation 
step.  Figure  12  shows  that  saturation  of  the  transition  can  be 
achieved  with  - 80  juJ  of  energy,  which  corresponds  to  a 
spectral  energy  density  of  = 3.89  x 10'16  J cm'3  Hz"1.  The 
conditions  assumed  for  this  calculation 
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bandwidth  is  9.71  x 109  Hz  (20  pm),  beam  diameter  of  3 mm  and 
laser  pulse  width  of  10  ns. 

A slope  of  1.05  was  obtained  for  the  linear  dependence 
portion  of  the  log-log  plot,  shown  in  Figure  13.  A plateau  is 

again  observed  for  high  laser  energies,  when  the  LEI  signal 
becomes  independent  of  B23px(A23). 

The  condition  of  a photon  detector  is  best  simulated  for 
low  energy  levels  in  transition  A12  and  for  saturation  of  the 
transition  A23,  i.e,  energy  values  smaller  than  7 nJ  and 
greater  than  80  pj  for  each  transition,  respectively. 

Calculation  of  the  Quantum  Efficiency 

The  ratio  between  the  number  of  ion-pairs  created  in  the 
detector  and  the  number  of  incident  photons  is  called  quantum 
efficiency  (QE).  However,  not  all  of  the  incident  photons  are 
absorbed  by  the  detector.  If  the  frequency  of  the  signal 
photons  is  distributed  over  a larger  frequency  range  than  the 
one  that  can  be  absorbed  by  the  detector,  an  effective  quantum 
efficiency  (17*)  can  be  defined: 


q .*  - number  of  ion-pairs  created 
1 number  of  absorbed  photons  (23) 

Therefore,  the  quantum  efficiency  is  the  product  of  the 
effective  quantum  efficiency  by  the  fraction  of  absorbed 
photons  ([1  - exp  ( -o12nilabs ) ] , or  simply  a). 
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Experiments  permitting  the  calculation  of  a were 
performed  as  described  in  the  experimental  section.  Figure  14 
shows  a typical  example  of  the  simultaneous  recording  of 
absorption  of  A12  and  LEI  signal.  The  value  obtained  for  a is 
0.64,  i.e,  64%  of  the  incident  photons  are  within  the 
absorption  bandwidth  of  the  detector. 

The  quantum  efficiency  can  be  calculated  by  dividing  the 
number  of  electrons  produced  by  the  RID  by  the  number  of 

incident  photons.  Experimentally,  the  following  formula  can  be 
used: 


QE  - m . hv  . bw  . — . — (?a\ 

where  m is  the  slope  of  the  linear  plot  of  the  saturation 
curve  for  the  first  step  in  the  stepwise  excitation  process  (A 
J1),  hv  is  the  energy  of  each  photon  (J  photon'1),  bw  is  the 
gate  width  of  the  boxcar  (s),  e is  the  electron  charge  (C 
electron'1)  and  a is  the  absorption  fraction  (dimensionless). 
For  Figure  10,  m = 8,54  x 101  A J'1,  hv  at  303.9  nm  is  6.54 
xlO  J photon1,  the  width  of  the  boxcar  is  400  ns,  e is  1.6 

x lO'19  C electron'1  and  a is  0.64.  The  calculated  QE  is 
therefore  0.022  or  2.2%. 

The  value  obtained  for  the  quantum  efficiency  is  not  the 
ideal  for  a photon  detector  and  is  not  comparable  to  the  one 
reported  in  reference  39.  QE  value 
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each  working  system  and  details  about  the  experimental 
conditions  of  reference  39  are  not  known.  The  attempts  made  to 
optimize  the  operating  conditions  in  order  to  increase  the  QE 
were  not  successful.  One  possible  source  that  could  be 
contributing  to  the  QE  value  is  the  performance  of  the  dye 
laser  that  delivers  the  second  excitation  step.  Throughout 
this  work,  the  relative  standard  deviation  of  the  output 
energy  of  that  dye  laser  was  ~ 30%  and  the  beam  quality  was 
variable  and  not  reliable.  It  is  the  author's  opinion  that 

these  problems  could  have  contributed  to  the  result  obtained 
for  the  detector's  QE. 


CHAPTER  4 

DETECTION  OF  OH  IN  THE  In-RID 
Introduct i on 

Rotational  transitions  of  the  OH  radical  can  be  assigned 
to  the  peaks  shown  in  Figures  1 and  2.  Peak  assignments  were 
made  according  to  Dieke  and  Crosswhite  [40]  and  a partial 
excitation  spectrum  of  OH  showing  the  assignments  in  the 
region  = 280.9  nm  to  284.0  nm  is  depicted  in  Figure  15.  The 
difference  between  the  experimental  values  and  those  reported 
in  reference  40  were  < 17  pm  and  therefore  the  accuracy  was 
limited  by  the  excitation  laser  bandwidth.  The  strong 
ionization  signal  observed  at  283.6  nm  is  due  to  an  indium 

transition.  The  same  holds  for  the  signal  observed  at  285.7  nm 
in  Figure  2 . 

Potential  mechanisms  that  could  lead  to  the  observation 
of  the  OH  rotational  transitions  via  LEI  of  indium  include  the 
capture  by  ground  state  indium  atoms  of  fluorescence  photons 
emitted  at  303.9  nm  by  laser  excited  OH  radicals  and  the 
collisional  energy  transfer  from  the  laser  excited  OH  radicals 
to  ground  state  indium  atoms.  This  chapter  will  focus  on  the 
work  performed  to  characterize  the  OH/In-RID  and  to 
investigate  its  origin. 
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The  concentration  of  OH  radicals  in  the  atmosphere  is 
estimated  to  be  around  106  molecules  cm*3  and  even  at  these  low 
concentrations  this  very  active  radical  plays  an  important 
role  in  atmospheric  chemistry  [41].  The  existence  of  the 
molecule  is  central  to  many  important  phenomena  in  galactic 
space  and  in  combustion  media.  The  study  of  OH  is  also  of 
interest  due  to  its  role  in  providing  fundamental  information 
to  molecular  physics  [42]. 

The  existence  of  OH  in  flames  is  proven  through  the 
ultraviolet  emission  bands  with  a widely  open  structure,  the 
strongest  band  head  lying  at  306.4  nm  (0-0  vibrational  band; 
the  number  on  the  left  of  the  arrow  corresponds  to  the 
vibrational  number  of  the  first  excitated  state,  v' , and  the 
number  to  the  right  of  the  arrow  corresponds  to  the 
vibrational  number  of  the  ground  state,  v").  Other  strong  band 
heads  lie  at  281.1  nm  (1-0),  287.5  nm  (2-1),  and  312.2  nm 
(1-»1).  Figure  16  shows  a simplified  energy  diagram  of  OH  major 
bands;  the  Qjl  transition  of  each  band  is  depicted.  The 
importance  of  OH  in  the  kinetics  of  flames  and  related 
problems  is  recognized  and  the  ultraviolet  bands  have  been 
extensively  studied  [43]. 

The  lower  state  of  the  ultraviolet  emission  bands  is  the 
ground  state  of  OH,  denoted  X2n.  This  is  an  inverted  doublet 
H state  and  the  component  2H1/2  lies  above  2H3/2.  The  higher 


Figure  16.  Energy  diagram  for  OH  major  bands;  transition  Qjl 
from  each  band  is  represented. 
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state  of  the  ultraviolet  bands  is  a normal  doublet  2 denoted 
A2S+. 

The  rotational  states  of  a diatomic  molecule  can  be 
described  by  the  total  angular  momentum  or  by  the  angular 
momentum  K if  the  electronic  spin  is  disregarded,  K being 
always  an  integer.  K can  be  used  with  the  understanding  that 
it  represents  the  angular  momentum  without  interaction  of  spin 
and  with  the  orbital  motion  removed.  In  the  OH  radical,  the 
electronic  spin  has  the  value  1/2  and  thus  doublets  are 

produced.  The  two  components  of  the  doublets  are  characterized 
by  subscripts  1 and  2 [40]: 

f1(K)  : J = K + 1/2  (25) 

F2 ( K ) ; f 2 ( K ) : J = K - 1/2  (26) 

F 1 and  F*  are  used  for  the  rotational  levels  of  the  2S  state; 
fa  and  f2  are  used  for  the  rotational  levels  of  the  2n  state. 

For  the  2S  state  there  is  no  resulting  orbital  momentum 
A along  the  internuclear  axis  and  the  electron  spin  is  always 
coupled  to  the  rotation  axis.  The  two  doublet  components 

Fa (K)  and  F2(r)  nearly  coincide  for  K = 0,  but  there  is  a so 
called  p-type  doubling  for  K * 0 . 

For  the  2n  state,  A=l.  In  this  circumstance,  i.e.,  when 
A * 0,  two  extreme  cases  can  be  considered  according  to  Hund. 

In  case  (a),  the  spin  is  coupled  through  the  orbital  angular 
momentum  to  the  internuclear  axis  and  the  rotation  is  so  slow 
that  it  does  not  disturb  this  condition. 


In  case  (b),  the 
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rotation  is  so  strong  that  the  spin  is  coupled  to  the 
rotational  axis  rather  than  the  internuclear  axis.  There  are 
two  states,  f1  and  f2.  Due  to  the  A-doubling,  both  f1  and  f2 
are  doubled;  the  pair  of  components  are  called  fx  and  f\  and 
f2  and  f'2.  Most  actual  2n  states  are  close  to  case  (a)  for 
slow  rotation  and  close  to  case  (b)  for  fast  rotation. 

The  selection  rules  for  the  ->  2n  transitions  are  the 
following:  J -»  J and  J±1  -*  J ; K-»K  and  K+l  K.  The  J 

selection  rule  must  be  strictly  satisfied  for  the  free 
molecule  for  dipole  transitions.  The  symmetry  rule  even  * odd 
is  also  strict  for  the  free  molecule.  With  these  rules,  twelve 
possible  branches  are  obtained.  Transitions  that  satisfy  both 
selection  rules  form  strong  branches,  those  that  violate  the 

K rule  are  weak,  except  for  small  values  of  K.  The  branches 
are  named  for  case  (b) : 

O-branch  for  K-2  -»  K 
P-branch  for  K-l  -»  K 
Q-branch  for  K -»  K 
R-branch  for  K+l  -»  k 
S-branch  for  K+2  ->  K 

The  branches  are  labeled  by  the  indices  of  the  initial  and  the 
final  levels.  If  both  these  indices  are  the  same,  it  is  given 
only  once.  The  branches  with  only  one  index  satisfy  both  the 
J and  the  K rule  and  are  called  the  main  branches.  The 
branches  with  two  indices  are  called  the  satellite  branches. 
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According  to  Dieke  and  Crosswhite  [40],  the  twelve  possible 
branches  are: 


012(K)  = Fj ( K-2  ) - f'2(K) 

J-l 

-»  J 

(27) 

Pi(K)  = Fx  (K-l ) - f:(K) 

J-l 

-»  J 

(28) 

P2(K)  = F2  (K-l ) - f 2 ( K ) 

J-l 

->  J 

(29) 

P12(K)  = Fj  (K-l ) - f2  (K) 

J -» 

J 

(30) 

Qi(K)  = Fj  ( K ) - f ' , ( K ) 

J -> 

J 

(31) 

Q21(K)  = F2(K)  - f ' i (K ) 

J-l 

-»  J 

(32) 

Q2(K)  = F2(K)  - f '2  (K) 

J -> 

J 

(33) 

Q12(K)  = Fj  (K)  - f '2  ( K ) 

J+l 

^ J 

(34) 

Ri  (K)  = F j (K+l ) - f j ( K ) 

J+l 

^ J 

(35) 

R21(K)  = F2  (K+l ) - f i ( K ) 

J -* 

J 

(36) 

R2(K)  = F2  (K+l ) - f 2 ( K ) 

J+l 

->  J 

(37) 

S21(K)  = F2  ( K+2 ) - f'i(K) 

J+l 

->  J 

(38) 

Experimental 

The  system  described  previously  in 

Chapter 

3 was  used. 

the  conditions  and  parameters  used 

were 

the 

same  unless 

specified  otherwise. 

The  studies  were  carried  out  mostly  in  the  small  burner 
mentioned  in  Chapter  3.  A circular  1 cm  o.d.  burner  consisting 
of  a bundle  of  75  stainless  steel  capillaries  (0.06  mm  i.d.) 
mounted  in  a conventional  atomic  absorption  premixed  spray 
chamber  was  also  used  for  some  tests.  In  this  case,  the  indium 
solution  was  aspirated  and  nebulized  with  a pneumatic 
nebulizer. 
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The  fluorescence  experiments  were  performed  using  a 

0.22  m focal  length  double  monochromator  (Model  1680B,  Spex 
Industries,  Edison,  NJ) . 

In  order  to  obtain  more  energy  for  the  OH  excitation 
step,  the  beam  expander  was  removed  from  the  system  for 
detection  of  OH  using  the  In-RID.  However,  this  first 

excitation  laser  was  still  reduced  to  2 mm  diameter  before 
reaching  the  flame. 

Lenses  of  appropriate  focal  lengths  (a  pair  with  f=l  m 
and  f=0.5  m for  each  dye  laser)  were  used  to  improve  the  beam 
quality  of  the  laser  beams  that  reached  the  flame.  This  was 
done  by  imaging  in  the  flame  the  laser  beam  observed 
immediately  after  the  end  window  of  the  amplifier  cell  of  the 
dye  laser  cavity.  This  physical  arrangement  tremendously 
improved  the  quality  of  the  beams  at  the  flame  and  made 
alignment  of  the  two  laser  beams  easier. 

Results  and  Discussion 

The  experiments  performed  may  be  grouped  into  two  main 
categories:  optimization  studies  and  investigation  of  possible 
mechanisms  for  the  phenomenon  observed. 

Optimization  Studies 

Saturation  curves  were  obtained  to  investigate  the 
dependence  of  the  observed  signal  on  the  laser  spectral  energy 
density.  The  applied  high  voltage  to  the  collection  electrode 
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was  - 1700  V and  the  concentration  of  the  nebulized  indium 
solution  was  1%. 

Saturation  curve  for  A in  the  absence  of  A, 3 

Using  a single  step  excitation  of  Aexc=Q15=282 . 6674  nm  the 
dependence  of  the  LEI  signal  on  the  laser  energy  was 
evaluated.  As  shown  in  Figure  17,  the  laser  energy  was  varied 
from  = 3 to  260  juJ,  which  was  the  maximum  power  attainable  at 
the  flame.  Figure  18  shows  the  log-log  plot  of  this  saturation 
curve;  it  can  be  seen  that  throughout  the  whole  range  of  the 
laser  energies  employed,  a linear  dependence  is  observed,  the 
slope  of  the  curve  being  equal  to  0.99.  The  excitation  photons 
used  could  not  produce  a sufficient  number  of  signal  photons 
at  A12=303.9  nm  to  saturate  the  first  excitation  step  of  the 
In-RID. 

Saturation  curve  for  A, ,=786.44  nm  in  the  absence  of  A 

Figure  19  shows  the  dependence  of  the  LEI  signal  on 
B23Px(^23)  in  the  absence  of  the  first  excitation  laser.  The 
laser  energy  was  varied  from  = 245  to  = 5 mJ;  the 

transition  could  be  saturated  with  a laser  energy  of  = 3 mJ. 
This  energy  value  corresponded  to  a spectral  energy  density  of 
1.46  x 10~14  J cm'3  Hz'1,  assuming  that  the  laser  bandwidth  was 
9.71  x 109  Hz  (20  pm),  the  beam  diameter  was  3 mm  and  the 
laser  pulse  width  was  10  ns. 

A slope  of  0.97  was  obtained  for  the  linear  dependence 
portion  of  the  log-log  plot,  shown  in  Figure  20.  The  initial 
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portion  of  a plateau  can  be  observed  for  high  laser  energies, 
when  the  signal  becomes  independent  of  B23pA(A23)  . 

Saturation  curve  for  A in  the  presence  of  A- 3 

The  dependence  of  the  signal  on  the  laser  energy  of 
>W=Qi5=282.6674  nm  was  studied  while  keeping  the  second 
excitation  laser  at  A23=  7 8 6.44  nm.  The  energy  of  the  first 
excitation  laser  energy  was  varied  from  « 1 jjJ  to  = 300  pj,  as 
can  be  seen  Figure  21,  and  the  second  excitation  laser  energy 
was  - 5 mJ.  There  was  no  evidence  of  optical  saturation  of  the 
transition  with  the  maximum  energy  of  = 300  pj  attainable  at 
the  flame. 

The  log— log  plot  is  shown  in  Figure  22.  The  slope  of  the 
curve  is  0.90  and  the  signal  is  linearly  dependent  on  the 
first  excitation  laser  energy  within  the  energy  range  studied. 
Saturation  curve  for  A, , in  the  presence  of  A 

While  keeping  the  first  excitation  laser  at  = 300  p J for 
AeXc=Qi5=282.6674  nm,  the  dependence  of  the  signal  on  the 
second  excitation  energy  was  evaluated.  The  second  laser  was 
kept  at  A23=786.44  nm,  and  the  energy  values  were  varied  from 
3.5  pJ  to  5.3  mJ.  Figure  23  shows  that  the  transition  could  be 
saturated  with  = 2.5  mJ  of  energy,  which  corresponds  to  a 
spectral  energy  density  of  1.22  x 10‘14  J cm'3  Hz'1,  assuming  a 
laser  bandwidth  of  9.71  x 109  Hz  (20  pm),  a beam  diameter  of 
3 mm  and  a laser  pulse  width  of  10  ns. 

Figure  24  shows  the  log-log  plot  and  the  linear 
interaction  that  exists  at  small  energy  values.  The  slope  for 
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that  part  of  the  curve  is  0.86.  The  plateau  obtained  for 
higher  laser  energies  shows  that  the  signal  becomes 
independent  of  B23px(A23)  at  high  spectral  energy  density 
values . 

As  a result  of  the  experiments  discussed  above,  the  first 
excitation  laser  (Aexc)  was  used  with  no  attenuation  for  the 
following  optimization  studies,  since  saturation  of  that 
process  was  never  achieved  at  the  maximum  power  outputs  that 
were  attainable  at  the  flame.  The  second  excitation  step  (A23) 
could  be  saturated  with  = 2.5  mJ  of  energy.  However,  besides 
exhibiting  a bad  beam  quality,  the  dye  laser  output  energy 
precision  was  extremely  poor  throughout  this  whole  work;  the 
relative  standard  deviation  was  of  the  order  of  30  - 40%.  For 
comparison  purposes,  the  output  energy  precision  obtained  with 
the  other  dye  laser  was  around  10%  for  the  fundamental  of  the 
dye  and  19%  for  the  ultraviolet  beam  when  tracking;  these 
values  can  be  considered  typical  for  our  system.  Therefore, 
even  at  the  expense  of  probably  adding  noise  to  the  signal, 
the  full  beam  with  no  attenuation  was  used  for  the  second 
excitation  step  in  the  following  experiments. 

Effect  of  high  voltage 

The  dependence  of  the  LEI  signal  on  the  high  voltage  (HV) 
applied  to  the  electrode  was  studied  by  varying  the  applied  HV 
from  -200  to  - 1700  V.  The  first  excitation  step  was 
Aexc=Qi5=282.6674  nm  with  ~ 300  p J ; the  second  excitation  step 
was  A23=7  86.44  nm  with  ~ 5.3  mJ.  Figure  25  shows  that  the 
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signal  intensity  increased  when  the  HV  increased  from  -200  V 
to  -1300  V.  A steady  signal  intensity  was  obtained  from 
-1300  to  -1600  V and  a small  decrease  was  observed  when 
HV  = -1700  V.  This  decrease  in  signal  was  probably  due  to  a 
perturbation  of  the  electrical  field  existing  between  the 
cathode  and  the  anode  by  the  utilization  of  an  excess 
potential  that  modifies  the  collection  efficiency  of  the 
system.  The  plateau  region,  between  -1300  and  -1600  V shows 
the  region  of  choice  for  further  experiments,  since  the  signal 
is  not  affected  by  small  changes  in  the  applied  voltage.  On 
the  other  hand,  if  the  applied  voltage  is  reasonably  constant, 
other  regions  of  the  curve  at  higher  applied  HV  may  also  be 
used  without  decreasing  the  signal  intensity  significantly. 
Effect  of  the  concentration  of  the  indium  solution 

The  effect  of  the  concentration  of  the  indium  solution  on 
the  signal  intensity  can  be  observed  in  Figure  26.  The 
conditions  for  the  excitation  steps  were  similar  to  the  ones 
described  for  the  HV  studies.  There  was  an  approximate  linear 
increase  of  the  signal  with  the  increase  of  indium 
concentration  up  to  [In]  = 2%.  Higher  indium  concentrations 
led  to  a decrease  of  the  signal  intensity.  This  problem  could 
have  been  caused  by  fouling  of  the  cathode  by  increasing  the 
amount  of  indium  deposited  on  the  electrode,  which  could  have 
decreased  the  collection  capability  of  the  system.  The 
solution  with  an  indium  concentration  of  2%  gave  the  highest 
signal  intensity.  However,  the  signal  to  noise  ratio  for  the 
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whole  range  of  concentrations  studied  was  approximately 
constant  (S/N  ~ 7),  which  made  the  choice  of  the 
concentrations  used  less  critical.  The  concentrations  normally 
used  in  our  studies  were  1%  and  2%. 

Effect  of  the  power  applied  to  the  ultrasonic  nebulizer 

The  incident  power  applied  to  the  ultrasonic  nebulizer 
was  varied  from  5 to  35  W.  The  effect  of  this  variation  on  the 
signal  intensity  is  shown  in  Figure  27.  The  conditions  for  the 
laser  excitation  steps  were  described  in  the  HV  studies.  The 
signal  intensity  increased  with  increase  of  incident  power, 
becoming  approximately  constant  and  maximal  when  the  power 
reached  30  W.  Therefore,  30  W was  chosen  for  the  following 
experiments,  because  at  power  values  of  35  W and  more,  the  top 
of  the  flame  was  perturbed  by  excessive  nebulization . At  an 
incident  power  of  30  W,  the  minimum  achievable  reflected  power 
was  = 6 W and  could  not  be  decreased. 

Effect  of  gas  flow  rates  in  the  flame 

The  effect  of  different  flow  rates  of  air  on  the  LEI 
signal  were  tested  for  two  different  flow  rates  of  acetylene, 
108  and  131  cm3  min-1,  as  shown  in  Figure  28.  Higher  signals 
were  obtained  for  the  lower  flow  rate  of  acetylene  studied, 
108  cm3  min-1;  as  the  air  flow  rate  increased  from  480  to  720 
cm3  min-1,  an  increase  in  the  signal  intensity  was  observed. 
The  signal  was  steady  from  720  to  860  cm3  min-1,  and  therefore 
the  rates  of  108  cm3  min-1  for  the  acetylene  and  800  cm3  min-1 
for  the  air  were  chosen  for  all  subsequent  experiments.  This 
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corresponds  to  a ratio  of  oxygen/acetylene  of  1.6;  therefore 
the  flame  used  in  our  experiments  was  fuel  lean,  since  the 
ratio  for  the  stoichiometric  flame  is  1.0. 

Expansion  of  the  region  scanned 

The  OH  band  that  was  excited  with  the  first  Aexc  is  at 
281  nm  ( l-»0 ) . An  attempt  was  made  to  obtain  an  expanded  LEI 
spectrum  by  changing  the  laser  dye  and  exciting  the  strongest 
OH  band  at  306  nm  (0-»0);  however,  only  broad  features  with  no 
structure  were  observed.  The  laser  dye  was  again  changed  and 
an  intermediate  region,  between  289.3  and  298.2  nm  was 
scanned.  This  scanned  region  enabled  us  to  evaluate  whether 
the  system  was  working  well;  some  of  the  peaks  at  the  far  end 
of  the  first  scan  (Figure  2),  Pjll  ( l-»0 ) at  287.5513  nm  for 
example,  could  be  observed.  On  the  other  hand,  no  OH 
structures  could  be  seen  from  289.3  to  297.2  nm,  as  shown  in 
Figure  29.  The  peaks  observed  at  = 293.3  and  295.7 
corresponded  to  In(I)  lines.  If  the  spectrum  is  enlarged  as  in 
Figure  30,  some  features  can  be  observed.  Those  features  could 
be  either  real  OH  structures  masked  by  the  huge  In  lines  in 
the  region  or  only  featureless  structures  related  to  random 
noise  in  the  system. 

Studies  in  a 1 cm  pathlenqth  flame 

Several  attempts  were  made  to  obtain  a OH  excitation 
spectrum  using  the  In-RID  in  a conventional  1 cm  pathlength 
flame  with  argon  shield.  It  was  expected  that  the  presence  of 
the  argon  shield  would  stabilize  the  flame  and  minimize 
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variations  in  peak  heights  due  to  perturbations  of  the  flame 
by  molecules  of  OH  present  in  the  surrounding  environment. 
This  flame  would  also  be  more  practical,  because  the  use  and 
replacement  of  In  solutions  would  be  greatly  facilitated  by 
the  utilization  of  a conventional  pneumatic  nebulizer.  The 
signal  to  noise  ratio  in  this  flame  was  very  small  and  the 
resolution  of  the  spectra  obtained  was  not  satisfactory.  The 
majority  of  the  OH  lines  could  not  be  resolved.  The  limiting 
noise  in  this  system  was  radio-frequency  (RF)  pick-up  noise, 
with  a magnitude  of  = 1 V peak  to  peak.  Therefore,  it  was 
decided  to  change  the  system  back  to  the  small  burner  used 
previously,  since  one  of  its  main  advantages  was  the  low  RF 
noise  pick-up.  In  order  to  facilitate  the  changing  of 
solutions,  a small  peristaltic  pump  was  added  to  the 
nebulization  system.  This  pump  delivered  small  droplets  of  In 
solution  from  an  external  reservoir  to  the  surface  of  the 
transducer  of  the  ultrasonic  nebulizer.  The  external  reservoir 
could  be  filled  and  replaced  easily. 

Optimization  of  the  second  excitation  laser  in  the  OH/In-RID 
The  second  excitation  laser  used  for  the  regular  In-RID 
described  in  Chapter  3 was  adjusted  to  A23=786.44  nm.  This 
transition  was  chosen  because  it  gave  the  best  signal  when  the 
first  excitation  step  was  Aexc=A12=303 . 9 nm.  In  the  OH/ln-RID 
system,  the  second  excitation  laser  was  scanned  from  740.01  nm 
to  792.92  nm  while  keeping  Xext=Q15=282 . 6674  nm.  The  spectrum 
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observed  is  shown  in  Figure  31.  The  transition  at  786.44  nm 
has  one  of  the  highest  intensities.  It  also  has  the  advantage 
of  being  fairly  well  resolved  from  the  other  lines  and  so  is 
indeed  a good  choice  as  the  second  step  excitation  for  the 
OH/In-RID.  It  is  worthwhile  mentioning  that  the  spectrum  shown 
in  Figure  31  is  very  similar  to  the  one  obtained  when  the 
second  excitation  step  was  scanned  in  the  regular  In-RID. 

Investigation  of  Mechanisms 

After  the  unexpected  peaks  shown  in  Figures  1 and  2 were 
assigned  to  the  OH  radical,  several  experiments  were  performed 
to  investigate  the  origin  of  the  observed  transitions. 

The  role  of  indium  in  the  detection  of  OH  was  evaluated 
by  nebulizing  water  instead  of  indium  solution  into  the  flame. 
No  LEI  signal  was  observed.  Furthermore,  when  X23  was  detuned 
towards  the  blue  by  approximately  0.1  nm,  a decrease  in  signal 
intensity  of  « 1 order  of  magnitude  was  observed.  In  the 
absence  of  X23  and  with  Aexc  attenuated  10  times,  no  LEI  signal 
could  be  observed.  The  LEI  signal  was  indeed  a result  of  a 
stepwise  excitation  process  of  indium  atoms. 

Determination  of  the  indium  absorption  linewidths 

The  indium  absorption  linewidths  were  determined  by 
nebulizing  indium  solution  into  the  flame  and  slowly  scannning 
^exc  over  the  In(I)  303.9  nm  line  while  recording  the  LEI 
signal.  The  resulting  peak  was  fitted  with  a Gaussian  function 
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and  the  peak  width  at  half  of  the  intensity  (FWHM)  was 
measured.  This  measured  value  is  a convolution  of  our  "real" 
laser  linewidth  and  the  indium  linewidth  at  303.9  nm  in  an 
air-acetylene  flame,  as  can  be  seen  in  Equation  39: 

b\ot  = t(AAL)2  + ( AAIn ) 2 ]1/2  (39) 

where  AA^  is  the  total  linewidth  experimentally  measured,  AAL 
is  the  actual  laser  linewidth  and  AAIn  is  the  indium  linewidth 
at  303.9  nm  in  an  atmospheric  pressure  air-acetylene  flame. 
The  value  used  for  AAIn  was  2 pm  [44]. 

The  linewidths  could  be  calculated  for  three  different 
experimental  conditions.  For  conditions  of  low  laser  intensity 
(Qx  = 2.4  nJ)  and  for  low  concentration  of  In  (100  ppm),  the 
measured  AA,.ot  was  11.44  ± 0.53  pm;  therefore  the  actual  laser 
linewidth  AAL  was  11.26  ± 0.53  pm. 

For  conditions  of  high  concentration  of  indium  ([In]=l% 
or  10000  ppm)  and  low  laser  intensities  (Qx  = 2.4  nJ)  , the 
indium  absorption  linewidth  is  concentration  broadened  and 
equation  40  applies: 

AAtot  = [ ( AAl  ) 2 + ( AAC ) 2 ] 1/2  (40) 

where  AAC  is  the  indium  absorption  linewidth  broadened  by  the 
high  concentration  of  indium.  The  experimental  AAtot  measured 
was  15.53  ± 1.42  pm.  Since  AAL  = 11.26  ± 0.53  pm,  the 
calculated  value  of  AAC  was  10.70  ± 1.52  pm. 
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For  conditions  of  high  concentration  of  indium  ([In]=l% 
or  10000  ppm)  and  high  laser  intensities  (Qx  = 130  pj) , the 
indium  linewidth  is  concentration  broadened  and  laser 
intensity  broadened: 

AA^  = [ ( AAL ) 2 + ( AA* ) 2 ] 1/2  (41) 

where  AAj  is  the  indium  absorption  linewidth  broadened  both  by 
absorption  due  to  the  high  concentration  of  indium  and  due  to 
the  high  laser  intensity.  The  experimental  AA^  measured  was 
32.66  ± 3.90  pm.  Since  AAL  = 11.26  ± 0.53  pm,  the  calculated 
value  of  AAj  was  30.65  ± 3.94  pm.  This  value  describes  better 
the  indium  absorption  linewidth  for  the  experimental 
conditions  used  in  most  of  the  present  work. 

Fluorescence  mechanism 

Based  on  the  above  results,  a mechanism  based  on  capture 
fluorescence  photons  was  proposed;  the  proposed  mechanism 
is  shown  schematically  in  Figure  32.  A photon  at  282.667  nm 
was  utilized  as  an  example  of  one  of  the  Aexc  values  employed 
in  our  system.  The  mechanism  can  be  explained  as  follows.  The 
OH  is  excited  from  one  of  the  rotational  levels  of  the  zero 
vibrational  level  (v"=0)  of  the  ground  state  (X2n)  to  one  of 
the  rotational  levels  of  the  first  vibrational  level  (v'=l)  of 
the  excited  state  A2E+  . From  the  level  v'=l,  the  excited  OH 
molecules  are  collisionally  redistributed  to  other  rotational 
and  vibrational  levels.  One  level  that  can  be  possibly 
populated  by  this  means  is  the  K'=25  rotational  level  of  the 


Figure  32.  Schematic  diagram  of  the  proposed  fluorescence 
capture  mechanism. 
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second  vibrational  level  (v'=2)  of  A2S+  state.  This  excited 
level  is  optically  coupled  with  the  K"=25  rotational  level  of 
the  first  vibrational  level  (v"=l)  of  the  ground  state  by  the 
emission  of  a fluorescence  photon  at  303.9373  nm  (transition 
Qi25  of  the  2 -*  1 band).  The  emitted  radiation  is  1.3  pm  away 
from  the  first  excitation  step  used  in  the  In-RID,  which  is 
303.9360  nm.  The  absorption  bandwidth  of  the  detector  in  our 
experimental  conditions,  determined  in  an  experiment  already 
described,  was  found  to  be  approximately  30  pm.  Therefore, 
essentially  all  photons  emitted  by  the  Q225  transition  will 
fall  within  the  detector  bandwidth  and  will  be  utilized  as  the 
first  excitation  step  for  the  In-RID.  The  detector  exhibits 
the  high  spectral  selectivity  characteristic  of  resonant 
monochromators.  Other  events  such  as  Raman  and  Rayleigh 
scattering,  which  produce  photons  falling  out  of  the  detector 
bandwidth,  are  not  detected. 

The  proposed  mechanism  was  corroborated  by  the  excitation 
spectrum  of  nebulized  water  shown  in  the  lower  part  of  Figure 
33.  The  first  laser  Aexc  was  scanned  from  = 280.55  to  282.8  nm 
and  the  fluorescence  emitted  by  water  was  imaged  into  a double 
monochromator  set  at  the  wavelength  of  303.9  nm.  Because  of 
the  poor  S/N,  spectrometer  slits  of  500  pm  were  used; 
therefore,  the  spectral  bandpass  was  0.9  nm,  which  greatly 
degraded  the  resolution.  The  upper  part  of  Figure  33  is  a 
portion  of  the  spectrum  shown  in  Figure  2;  it  is  included  in 
Figure  33  only  for  comparison  purposes.  The  correspondence 
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between  the  two  spectra  is  evident.  The  poor  S/N  ratio 
obtained  with  the  monochromator  is  probably  related  to  the  low 
rntensrty  of  fluorescence  photons  for  the  OH  Q,25  transition 


°£  the  2 - 1 band.  Fluorescence  spectra  showing  an  excellent 
S/N  ratio  were  later  obtained  for  the  0 ■>  0 band  of  OH. 

While  nebulizing  only  water,  the  dependence  of  the 
fluorescence  signal  on  the  energy  intensity  of  A.„-282.6674  nm 
(Q.5  line  of  l-*0  band)  was  evaluated.  The  monochromator  was 


set  at  303.9  nm  to  detect  photons  produced  at  Q,25  ( 2-*l  band). 
Figure  34  shows  that  with  the  laser  energies  employed  (-  26  to 
220  pj)  no  saturation  conditions  for  production  of 
fluorescence  photons  were  achieved.  This  linear  dependence  of 
the  fluorescence  signal  with  the  laser  energy  gave  a slope  of 
0.98  for  the  log-log  plot,  which  is  shown  in  Figure  35. 
Therefore,  assuming  the  verity  of  the  fluorescence  mechanism, 
it  can  be  inferred  that  higher  intensities  in  the  LEI  signal 
could  be  achieved  rf  a higher  energy  output  was  available. 

An  emission  spectrum  was  obtained  while  nebulizing  water 
into  the  flame.  The  signal  was  collected  at  an  angle  of  90°. 
The  excitation  wavelength  was  282.6674  nm  (Q,5  of  the  1^0 
band)  and  the  monochromator  was  scanned  from  279.8  nm  to 
309.8  nm,  as  depicted  in  Figure  36.  The  huge  peak  at  . 282.7 


nm  is  due  to  laser  scattering.  The  spectrum  obtained  is  almost 
featureless,  but  higher  signal  intensities  are  obtained  for 
the  region  around  306.4  and  308.7  nm,  which  can  be  associated 
with  the  strong  0 » 0 band  of  OH.  The  intensity  of  the  signal 
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at  = 303.9  ran  is  weak.  For  the  proposed  fluorescence 
mechanism,  this  could  be  considered  an  indication  of  the  high 
efficiency  of  detection  of  the  In-RID  employed,  since  this 
weak  fluorescence  emission  results  in  well  resolved  LEI  peaks. 

Assuming  that  OH  fluorescence  at  303.9  nm  is  the  process 
responsible  for  the  LEI  signal,  the  procedure  of  evaluating 
the  timing  between  Aexc  and  A23  at  the  flame  using  a photodiode 
is  intrinsically  inaccurate  for  this  experiment.  The  timing 
coincidence  that  should  be  assured  for  this  experiment  is 
between  the  fluorescence  photons  (Afl)  emitted  at  £^25  (2-»l 
band)  and  the  A23. 

Since  time  coincidence  between  Aexc  and  A23  at  the  flame 
was  already  set  from  the  previous  experiments,  an  attempt  was 
made  to  check  the  timing  between  the  Aexc  and  the  production  of 
fluorescence  photons.  The  exciting  laser  pulse  at  286.2035  nm 

transition  of  the  1 ->  0 band)  and  the  fluorescence 
measured  using  the  monochromator  set  at  303.9  nm  (to  detect 
the  Q325  line  of  the  2 ->  1 band)  were  timed  simultaneously 
using  an  oscilloscope.  No  time  delay  was  observed  between  the 
onset  of  the  laser  pulse  and  the  production  of  fluorescence 
photons;  the  time  resolution  available  for  the  oscilloscope 
was  = 20  ns. 

Unfortunately,  this  time  resolution  was  not  sufficient  to 
observe  the  build  up  of  fluorescence  signal  with  respect  to 
the  laser  pulse.  The  required  time  resolution  can  be  inferred 
from  the  following  studies.  According  to  Lengel  and  Crosley 
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[45,46],  the  rate  coefficient  for  a v'=2  to  v'  = l energy 
transfer  in  A2Z+  OH  is  1.18  x 10'10  cm3  s'1.  Using  N2  as  a 
collision  partner  at  P = 1 atm  and  T = 2200  K,  the  molecular 
nitrogen  number  density  is  3.34  x 1018  cm'3  . Therefore,  the 
rate  for  the  process  2 ->  1 is  approximately  4 x 108  s'1.  At 
thermal  equilibrium,  the  backward  rate  can  be  approximated  by 
the  following  equation: 

ki-2  ~ k2^  expt-AE/kT]  (42) 

where  k1<2  is  the  rate  v'  = l to  v'=2,  k2<1  is  the  rate  v'=2  to 
v'  = l,  k is  the  Boltzmann  constant  (8.62  x 10'5  eV  K'1)  and  T is 
the  temperature  (K)  . AE  is  the  difference  in  energy;  for  a 
transition  between  the  rotational  level  K'=0  of  the 
vibrational  level  v'  = l to  the  rotational  level  K'=0  of  the 
vibrational  level  v'=2  in  the  A2Z+  state  of  OH,  AE  * 0.37  eV. 
Substituting  these  values  into  equation  42,  an  approximate 
rate  can  be  obtained  for  the  studied  OH  transition  v'  = l to 
v'=2,  klH>2  = 5.7  x 107  s'1  or  approximately  17.5  ns.  Therefore, 
17.5  ns  is  an  approximation  of  the  time  necessary  for  build  up 
of  the  fluorescence  signal  with  respect  to  the  laser  pulse  and 
a detector  system  with  better  time  resolution  is  necessary  for 
this  experiment. 

An  energy  diagram  for  indium  is  shown  in  Figure  37.  It 
can  be  observed  that  several  states,  in  addition  to  the  state 
2D3/2  that  is  populated  by  X12  = 303.9  nm,  can  be  efficiently 
coupled  with  the  RID  second  excitation  step  at  X23 


= 786.4  nm . 


Figure  37.  Partial  energy  diagram  for  In: 

- arrows  indicate  transitions  wavelengths  (nm) 

- double  arrows  indicate  energy  difference 
between  levels  (eV) . 
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Table  I shows  the  additional  indium  lines  that  could  be 
efficiently  coupled  with  X23  in  the  flame  and  the  OH 
transitions  that  could  be  detected  by  the  In-RID.  Only 
transitions  in  the  2 -»  2 , 2 1 , 1 0 and  0 -»  0 bands  were 

considered.  Transitions  showing  a wavelength  difference 
between  the  OH  and  In  lines  (AA  OH/In)  of  less  than  30  pm 
could  still  be  detected  due  to  the  broadened  indium  absorption 
linewidth  of  = 30  pm.  All  these  possible  events  might 

contribute  to  the  LEI  signal  obtained  in  the  OH/In-RID. 
Energy  transfer  mechanism 

An  energy  transfer  mechanism  can  also  be  proposed  as  a 
feasible  mechanism  to  explain  the  OH  peaks  obtained  while 
using  the  In-RID.  Processes  involving  rotational  [44,47]  and 
vibrational  [45]  energy  transfer  in  the  A2Z+  OH  excited  state 
and  in  the  X IT  OH  ground  state  [48]  have  been  previously 
studied. 

The  proposed  energy  transfer  mechanism  can  be  explained 
by  the  use  of  the  following  equations : 

OH  ( v"=0 , K"  = . . . ) + hvexc  -»  OH  (v'  = l,  K'=...)  (43) 

OH  (v'=l,K'=. . . ) OH  ( v'=0,  K'=0)  (44) 

OH  ( v '=0 , K'=0)  + In  (2P°1/2 ) -*  OH(v"=0,  K"=0)  + In(2P°3/2)  (45) 

Figure  38  shows  a schematic  diagram  of  the  proposed 
energy  transfer  mechanism.  It  should  be  noted  that  the  energy 
difference  (AE)  for  this  process,  i.e.,  between  levels  v'=0, 

K ,=0  of  the  A2S+  state  of  OH  and  the  2P°3/2 


state  of  In 


Table  1:  In  transitions  that  could  be  coupled  with  A.23  and  closest  OH  transitions. 
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Figure  38.  Schematic  diagram  of  the  proposed  energy  transfer 
mechanism. 
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(which  is  the  initial  state  for  the  In-RID  second  excitation 
step  at  A23=786.4  nm),  is  only  326  cm*1  (0.04  eV)  . 

Addxtional  transfers  of  energy  might  also  occur  from 
other  rotational  and  vibrational  levels  of  the  excited  state 
of  OH  to  one  of  the  excited  states  of  In,  as  is  depicted  in 
Figure  39.  Many  of  these  energy  transfer  processes  exhibit  a 
AE  from  the  OH  excited  state  in  relation  to  the  In  2P°3/2  state 
sufficiently  small  to  be  still  optically  connected  to  the 
second  excitation  step  at  A23  = 786.4  nm. 

Additional  considerations 

In  order  to  examine  the  validity  of  the  two  proposed 
mechanisms  additional  experiments  were  performed.  To  evaluate 
whether  fluorescence  photons  were  indeed  responsible  for  the 
LEI  signal,  the  experiment  shown  in  Figure  40  was  executed. 
Water  was  nebulized  into  a 1 cm  path  lengthflame  which  was 
irradiated  with  the  first  excitation  laser,  Aexc.  The  photons 
emitted  by  this  arrangement  were  conveyed  by  an  optical  system 
into  the  small  flame  which  had  a high  concentration  of  indium 
vapor  and  was  irradiated  simultaneously  with  the  second 
excitation  laser,  A23.  The  LEI  collection  electrodes  were 
connected  to  the  small  flame.  It  was  expected  that  if  the 
proposed  fluorescence  mechanism  was  responsible  for  the  OH/In- 
RID  S1gnal,  a LEI  signal  would  be  observed  as  a result  of  this 
experiment;  however,  no  LEI  signal  could  be  detected. 
Nevertheless,  this  negative  result  is  not  seen  as  a conclusive 
proof  against  the  fluorescence  mechanism  because  the  absence 


Figure  39.  Schematic  diagram  of  additional  possible 
processes  of  energy  transfer. 
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of  LEI  signal  could  be  a consequence  of  the  poor  optical 
collection  of  the  fluorescence  photons  generated  in  the  1 cm 
path  length  flame.  Clearly,  the  optical  collection  efficiency 
in  this  experiment  is  much  poorer  than  would  be  the  case  in 
the  single  flame  measurements. 

An  attempt  to  excite  OH  in  the  0 ^ 0 band  by  scanning  Aexc 
from  306.0  to  308.0  nm,  while  keeping  A23  fixed  at  786.4  nm  was 
also  carried  out.  The  experiment  was  performed  both  for  water 
and  indium  solutions  being  nebulized  into  the  flame.  LEI  and 
fluorescence  signals  were  detected  simultaneously  by  the  use 
of  two  boxcar  integrators.  Fluorescence  in  the  0 ->  0 OH  band 
was  observed  for  both  the  water  and  indium  solutions 
([In]-1%).  No  LEI  signal  was  observed  for  water.  The  LEI 
spectrum  of  indium  was  mainly  a broad  band  with  some  small 
features  on  top  of  it.  Because  of  the  high  concentration  of 
indium  utilized,  this  broad  band  could  be  the  wing  of  the 
In(I)  303,9  nm  line,  a transition  with  a high  oscillator 
strength.  As  a consequence,  it  is  not  known  if  the  LEI 
spectrum  did  not  show  resolved  OH  peaks  due  to  a high 
background  or  if  the  fluorescence  mechanism  is  the  process 
responsible  for  the  LEI  signal.  If  an  unequivocal  In  LEI 
signal  was  observed  as  a result  of  this  experiment,  the 
proposed  mechanism  involving  the  303.9  nm  line  would  be  very 
unlikely  because  of  the  following  reason.  In  this  experiment, 

OH  was  excited  in  the  0 -*  0 band;  for  the  detection  of  the 
fluorescence  photon  emitted  at  the  0,25  transition  from  the  2 
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1 band,  a collisional  redistribution  from  the  v'=0  to  v'=2 
vibrational  level  of  the  excited  A2S+  OH  state  would  have  to 
occur.  This  event  is  not  probable,  since  the  difference  in 
energy  between  the  two  vibrational  levels  is  = 1.84  eV. 

In  another  experiment,  the  emission  of  0 0 band  of  OH 
was  monitored  while  having  the  monochromator  positioned  at 
306.4  nm.  The  Aexc  was  set  at  303.9  nm  ( =X12 ) . The  emission 
signal  was  sent  to  an  oscilloscope.  Initially  a background 
emission  signal  was  obtained  by  exciting  nebulized  water  with 
Aexc.  If  the  energy  transfer  mechanism  is  the  process 
responsible  for  the  OH/In-RID  signal,  the  nebulization  of 
indium  solution  into  the  flame  should  increase  the  OH  emission 
background  signal.  This  would  occur  because  the  303.9  nm 
photons  absorbed  by  the  ground  state  indium  (In)  could  be 
transferred  by  the  excited  state  indium  (In*)  to  the  ground 
state  OH  molecules  (OH*).  After  collisional  redistribution  an 
increase  in  the  emission  of  the  0 ^ 0 band  would  be  detected. 


The  inverse  experiment,  i.e.,  the  transfer  of  energy  from  OH 
excited  state  to  indium  ground  state  could  also  be  monitored 
in  a similar  experiment  and  it  is  shown  schematically  in  the 
lower  part  of  Figure  41.  Equations  46  to  48  describe  the 
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Figure  41  (upper  part)  shows  a simplified  schematic  of  the 
experiment  and  the  output  on  the  screen  of  the  oscilloscope. 
It  can  be  seen  that  an  increase  in  the  emission  was  observed, 
which  was  expected  for  the  charge  transfer  mechanism.  On  the 
other  hand,  if  the  monochromator  was  scanned  to  wavelengths 
closer  to  the  indium  lines  of  303.9  nm  and  325.6  nm  an 
increase  in  the  intensity  of  the  observed  peak  was  observed. 
This  means  that  part  or  all  of  the  peak  we  observed  when  the 
monochromator  was  at  = 306.4  nm  could  be  due  to  fluorescence 
of  indium;  therefore,  energy  transfer  OH/In  could  or  could  not 
be  associated  with  the  experimental  observations. 

Unfortunately  none  of  the  above  described  experiments 
produced  unequivocal  proof  of  the  actual  mechanism  involved  in 
the  detection  of  OH  using  the  In-RID.  Some  experimental 
evidence  favors  the  energy  exchange  process,  such  as  the  fact 
that  a signal  was  not  seen  when  the  two  flame  experiment  was 
performed  and  the  fact  that  it  takes  ~ 20  ns  for  the 
coHisional  build  up  of  the  population  in  OH  vibrational  level 
v — ^ • On  the  other  hand,  tuning  Aexc  in  the  region  from  ~ 306 
to  308  nm  did  not  give  a spectrum  and  boosting  the  indium 
population  into  the  2D3/2  state  (collisionally  coupled  with  the 
P 3/2  state)  produced  no  clear  change  in  OH  emission;  these 
evidences  could  point  to  the  fluorescence  mechanism.  At  this 
point,  the  choice  of  one  of  the  mechanisms  as  the  most 
probable  one  is  not  possible  and  a feasible  alternative  is  the 
participation  of  both  mechanisms  in  the  detection  process. 


CHAPTER  5 

FLAME  TEMPERATURE  MEASUREMENTS  USING  THE  OH/ln-RID 

Introduction 

Combustion  chemical  kinetics  and  studies  in 
turbulent  reacting  flow  systems  require  the  development  of 
verY  sensitive  techniques  for  evaluating  the  temperature  with 
high  spatial  and  temporal  resolution  [49].  Knowledge  of  the 
temperature  may  also  be  helpful  in  understanding  the  formation 
and  disappearance  of  stable  and  unstable  species  in  a flame. 
This  can  help  in  the  formulation  of  comprehensive  mathematical 
models  for  both  basic  combustion  phenomena  and  practical 
devices,  thus  helping  to  find  solutions  for  technical  problems 
in  combustion  [50,51]. 

The  OH  molecule  in  both  the  ground  and  excited  electronic 
states  is  produced  by  the  oxidation  of  any  hydrogen  containing 
fuel.  OH  is  also  considered  a key  intermediate  species  in  most 
combustion  processes  [45]. 

The  temperature  of  OH  in  various  flames  has  been  used  for 
many  years  as  a rotational  temperature  indicator  for  flame 
combustion  diagnostics  [52].  Therefore,  the  decision  to 
evaluate  the  applicability  of  the  OH/ln-RID  to  flame 
temperature  measurements  for  combustion  diagnostics  came  as  a 
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natural  consequence  of  the  experimental  results  described  in 
the  previous  chapters. 


Theory 

The  temperature  of  a flame  is  a reflection  of  its  thermal 
energy  [43].  This  thermal  energy  is  distributed  between  the 
activated  particles  to  the  various  translational,  rotational, 
vibrational,  electronic  and  ionization  states.  Each  one  of 
these  states  can  be  defined  separately  by  its  own  temperature; 
when  this  temperature  is  the  same  for  all  these  states  the 
flame  is  considered  to  be  in  thermal  equilibrium. 

The  Boltzmann  equation  relates  the  population 
distribution  of  the  excited  states  to  the  temperature  of  the 
exciting  source;  it  can  only  be  applied  for  thermal 
equilibrium  conditions: 

ni/nj  = gi/gj  {exp  [-(Ei-EjJ/kT]}  (49) 

where  ni  and  n.j  are  the  number  densities  of  particles  (cm-3), 
Ei  and  Ej  are  the  energies  (eV)  with  respect  to  the  ground 
state,  g^^  and  gj  are  the  statistical  weights  (dimensionless) 
of  the  ith  and  jth  level,  respectively,  k is  the  Boltzmann 
constant  (8.62  x 10  5 eV  K"1)  and  T is  the  absolute  excitation 
temperature  (K) . 

Thermodynamic  equilibrium  is  achieved  by  collisions  with 
other  species,  chemical  reactions  and  the  emission  and 
reabsorption  of  radiation,  when  the  system  relaxes  to  an 
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equilibrium  state.  Usually,  the  gas  species  do  not  spend 
^ i®nt  time  in  the  flame  combustion  zone  to  suffer  a 
sufficient  number  of  collisions  to  promote  the  distribution  of 
the  combustion  energy  among  all  of  the  various  modes. 
Therefore,  a single  temperature  cannot  generally  exist  in  a 
flame . 

A local  thermodynamic  equilibrium  ( LTE ) is  characterized 
by  a local  temperature  which  describes  the  velocity  particle 
distribution  and  the  distributions  of  internal  energy  states 
at  specific  points  in  a flame.  This  means  that  thermal 
equilibrium  is  established  at  each  point  of  the  flame.  In  LTE, 
the  temperatures  (translational,  vibrational,  rotational, 
electronic  and  ionization)  are  statistically  equivalent. 

Measurements  of  flame  temperatures  in  the  outer  cone  of 
stoichiometric  premixed  flames  using  several  procedures  and 
states  of  excitation  (vibrational,  rotational  and  electronic) 
have  shown  that,  within  experimental  errors,  local 
thermodynamic  equilibrium  can  be  considered  to  exist  in  that 
region.  On  the  other  hand,  thermal  equilibrium  is  not  reached 
in  the  inner  cone;  the  temperatures  obtained  differ  widely 
according  to  the  measuring  procedure. 

The  intensities  of  OH  rotational  bands  can  be  used  to 
determine  the  rotational  temperature  of  a flame,  assuming  the 
existence  of  LTE.  For  rotationally  resolved  excitation 
fluorescence  scans  of  OH  in  a flame  [53,54]  and  for  the  LEI 
signal  obtained  in  the  OH/In-RID  in  the  flame,  the  signal 
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intensity  normalized  to  the  laser  power  (I,  j-1  Hz  cm3)  is 
given  by: 


where  is  the  Einstein  coefficient  of  stimulated  absorption 
(J-1  Hz  cm3)  for  a transition  from  level  i to  level  j,  nK.a.  is 
the  number  density  in  the  ground  rotational  state  (cm3)  , K"  is 
the  orbital  angular  momentum  number  with  electronic  spin 
disregarded  and  J"  is  the  total  angular  momentum  number,  both 
in  the  ground  state. 

Assuming  the  existence  of  thermal  equilibrium  in  the 
ground  state,  the  Boltzmann  relationship  applies: 

nK"(J"  * ( 2 J"  + l ) exp  [(-EK.fJ./kT)]  (51) 

where  EK.fJ.  is  the  energy  of  the  ground  state  rotational  level 
(cm-1),  k is  the  Boltzmann  constant  (0.695  cm'1  K'1)  and  T is 
the  rotational  temperature  (K) . 

Combining  equations  (50)  and  (51)  yields: 

I cc  Bij  ( 2 J"  + l ) exp  [ ( -EK.  tJ./kT)  ] (52) 

By  taking  natural  logarithms,  the  expression  above  can  be 
written: 


In  [I/Bij(2J"  + l)]  = C - EK.(J./kT  (53) 

where  C is  a constant.  The  left  side  of  equation  53  is  known, 
as  I is  measured  and  B^j  and  J"  are  found  in  tables.  The  energy 
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values  are  also  known;  therefore,  a plot  of  In  f I/Bi;j  ( 2 J"  + l ) ] 
vs  Ek.  j.  is  a straight  line  with  the  slope  being  equal  to 
-1/kT.  By  measuring  the  slope,  the  rotational  temperature  can 
then  be  calculated. 

The  use  of  many  transition  lines  for  plotting  the  curve 
described  by  equation  53  can  increase  the  accuracy  of  the 
determination  of  the  temperature,  since  the  influence  of  an 
occasional  poor  line  can  be  minimized.  It  can  also  be  affirmed 
that  a rotational  temperature  exists  if  a straight  line  is 
obtained  from  the  plot.  A poor  fitting  may  be  due  to  several 
causes,  among  them  the  lack  of  thermal  equilibrium  in  the 
source,  the  existence  of  a continuous  background  and  the 
influence  of  self-absorption. 

Experimental 

The  system  described  previously  in  Chapter  3 was  used. 
All  the  conditions  and  parameters  were  the  same,  unless 
specified  otherwise.  The  second  excitation  step  was  kept  at 
A23=786 . 44  nm,  while  the  first  excitation  step  (Aexc)  was 
scanned  through  transitions  of  the  1 -*  0 band  of  OH. 

The  dimensions  of  the  flame  used  were  the  following:  30 
mm  in  height  (corresponding  to  5 mm  for  the  inner  cone  and  25 
mm  for  the  outer  cone)  and  6 mm  in  diameter  in  the  central 
portion.  The  burner  was  mounted  on  a micrometer  translational 
stage  so  that  the  flame  could  be  moved  in  order  to  change  the 
probing  position  of  the  first  excitation  laser  in  the  flame. 
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Laser  induced  fluorescence  (LIF)  was  employed  to  obtain 
flame  temperature  measurements  for  comparison  purposes.  While 
nebulizing  water  into  the  flame,  transitions  in  the  1 ->  0 band 
of  OH  were  excited  using  the  first  excitation  laser  (Aexc)  . The 
fluorescence  excitation  spectrum  was  recorded  by  collecting 
the  fluorescence  photons  into  a 0.22  m double  monochromator 
(Model  1680B,  Spex  Industries,  Edison,  NJ)  set  at  306.4  nm. 

Most  of  the  OH  excitation  scans  for  flame  temperature 
measurements  were  performed  while  having  the  two  excitation 
laser  beams  (Aexc  and  A23)  crossing  at  90°  in  the  flame.  Figure 
42  shows  a diagram  with  the  modified  experimental  setup.  The 
two  laser  beams  were  also  focused  into  the  flame.  This 
configuration  enabled  the  attainment  of  a greater  spatial 
resolution  for  the  temperature  measurements.  The  diameters  of 
the  laser  beams  in  the  flame  was  measured  by  scanning  a 25  pm 
slit  mounted  on  a micrometer  translational  stage  through  each 
beam  while  monitoring  the  transmitted  radiation  with  a 
photodiode.  The  beams  were  attenuated  with  neutral  density 
filters  to  ensure  a non- saturating  regime  for  the  photodiode. 
The  beam  diameter  for  the  first  excitation  laser,  Aexc,  was 
“ 100  The  second  excitation  laser,  A23,  had  a beam  diameter 
of  ~ 300  pm.  These  values  were  measured  using  10%  of  the 
maximum  signal  as  the  cutoff  limits  for  the  diameter  of  the 
beam. 

The  profile  of  the  temperatures  in  the  flame  at  different 
regions  of  the  flame  was  determined  in  the  following  way.  The 
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two  excitation  lasers  were  always  kept  crossed  at  a 90°  angle 
at  a fixed  vertical  distance  from  the  burner  head.  The 
position  of  the  second  excitation  beam  in  the  flame  was  always 
kept  unchanged.  The  flame  was  mounted  on  a micrometer 
translational  stage;  therefore,  different  horizontal  positions 
of  the  first  excitation  laser  in  the  flame  could  be  obtained 
by  changing  the  position  of  the  flame. 

The  temporal  coincidence  of  the  two  laser  beams  in  the 
flame  for  this  modified  experimental  configuration  was  checked 
according  to  the  procedure  described  in  Chapter  3.  The  FWHM 
for  the  first  excitation  laser  was  measured  using  the 
fundamental  wavelength  of  the  dye  laser  and  it  was  found  to  be 
approximately  7 ns;  the  full  width  at  the  base  of  the  laser 
pulse  was  = 16  ns.  The  FWHM  of  the  second  excitation  laser  was 
8 ns;  the  full  width  at  the  base  of  the  laser  pulse  was  ~ 14 
ns . 


Results  and  Discussion 

The  first  excitation  region  used  for  temperature 
measurements  was  from  = 286.0  to  * 287.8  nm.  The  transitions 
from  the  1 ^ 0 band  used  were  Q213,  P29,  Qx14,  P29,  Q214,  P^O, 
Qil5,  P210,  Q215,  P^l  and  (^16 . Table  2 gives  the  wavelength 
(A,  nm)  [40],  the  energy  value  of  the  lower  state  (E,  cm’1) 
[40],  the  total  angular  momentum  number  (J",  dimensionless), 
the  value  of  2J"+1  (dimensionless)  and  the  Einstein 
coefficient  for  stimulated  absorption  normalized  to  the 
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Table  2.  Transitions  of  OH  (1-0)  used  for  calculation 
of  temperature  values  in  the  flame. 


Transition 

X (nm) 

E (cm  •!) 

J" 

2 J"  + 1 

* 

RilO 

281.5368 

2014.98 

10.5 

22 

201 

R26 

281.6024 

824.49 

5.5 

12 

190 

R25 

281.6549 

608.15 

4.5 

10 

183 

R2io 

281 . 8677 

2054.26 

9.5 

20 

206 

Oil 

281.9145 

0.03 

1.5 

4 

240 

Rll2 

281.9822 

2846 . 01 

12.5 

26 

207 

R22 

282 . 1302 

187.71 

1.5 

4 

153 

Pll 

282.1706 

0.0 

1 . 5 

4 

251 

0l4 

282.4393 

355.87 

4.5 

10 

361 

Ql5 

282.6674 

544 . 82 

5.5 

12 

377 

Q213 

286.0615 

3348.75 

12.5 

26 

414 

Pl9 

286.2035 

1650.74 

9.5 

20 

211 

Qll4 

286.3720 

3819 . 01 

14.5 

30 

418 

P29 

286.5668 

1693.15 

8.5 

18 

198 

02 14 

286.6237 

3846.64 

13.5 

28 

416 

PllO 

286.8581 

2014.98 

10.5 

22 

210 

Qll5 

286.9913 

4251.19 

15 . 5 

32 

418 

P210 

287 .1987 

2054.26 

9.5 

20 

200 

0215 

287.2324 

4377 .25 

14.5 

30 

416 

Pill 

287 .5513 

2413.51 

11 . 5 

24 

209 

Qll6 

287 .6564 

4915.04 

16.5 

34 

418 

* Values  normalized  to  PX1  of  0-0  band 
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coefficient  value  for  the  Pjl  transition  of  the  0 -»  0 band  (Bi;j 
normalized,  dimensionless)  [55]  for  the  above  transitions  and 
for  other  transitions  that  were  also  used  for  temperature 
measurements.  Figure  43  shows  a typical  spectrum  obtained  for 
the  region  = 286.0  - 286.3  nm.  The  flame  region  analysed  was 
the  center  of  the  flame,  4 mm  above  the  inner  cone.  The  drift 
and  the  poor  signal-to-noise  observed  in  the  spectrum  were 
characteristic  of  this  region  which  corresponded  to  the  end  of 
the  lasing  range  of  the  dye  used  (rhodamine  590). 

For  each  temperature  measurement  an  excitation  spectrum 
was  acquired.  The  signal  intensities  used  for  the  calculation 
of  the  temperature  were  measured  using  two  approaches,  peak 
heights  measured  directly  from  the  spectrum  and  peak  heights 
measured  after  a Gaussian  function  was  fitted  to  each  peak. 
The  temperature  values  were  obtained  by  plotting  the  data 
using  Equation  53;  the  plot  is  shown  in  Figure  44.  After 
fitting  the  curves  with  a least  squares  program  both 
temperatures  were  very  similar,  2516  + 175  K for  the  first 
approach  and  2493  ± 195  K for  the  Gaussian  approach.  Attempts 
to  reduce  the  standard  deviation  by  normalizing  the  peak 
heights  for  variations  in  laser  power  output  detected  by 
photodiodes,  both  for  Aexc  and  X23,  were  not  sucessful.  The 
estimated  volume  of  the  probed  region  is  = 2 x 10~6  cm3. 

Instead  of  obtaining  an  excitation  spectrum  for  each 
flame  temperature  measurement,  the  peak  heights  were  also 
determined  by  a "sitting"  procedure,  where  a slow  scan  of  the 
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first  excitation  laser  to  the  peak  of  each  transition  was 
made.  The  peak  heights  were  then  measured  while  sitting  on  the 
transition  peak.  Both  procedures  were  almost  equally  time 
consuming.  The  acquisition  of  one  spectrum  took  about  5 min 
and  usually  5 spectra  were  taken  for  each  flame  temperature 
measurement  when  the  scanning  procedure  was  used.  A complete 
acquisition  of  the  data  for  one  set  of  transitions  using  the 
"sitting"  procedure  also  took  around  40  - 45  min. 

Figure  45  shows  a plot  of  data  acquired  while  using  the 
"sitting"  procedure.  The  temperature  value  obtained  with  this 
method  was  2641  ± 301  K.  The  larger  standard  deviation 
obtained  for  this  procedure  was  probably  associated  with  the 
difficulty  of  stopping  the  scan  of  the  first  excitation  laser 
at  the  actual  peak  of  the  transition. 

In  order  to  evaluate  if  the  large  standard  deviations 
obtained  for  the  temperature  values  were  a characteristic  of 
the  OH/In-RID  as  a method  or  were  due  to  the  poor  signal  to 
noise  ratio  of  the  region  scanned,  another  set  of  transitions 
in  a region  that  had  a better  signal  to  noise  ratio  was 
analysed.  The  transitions  from  1 ->  0 band  of  OH  used  were 
RilO,  R26,  R25,  R210,  R212,  R22,  P^,  Qx4  and  £^5.  Figure  46 
shows  a representative  excitation  spectrum  of  the  transitions 
used;  the  typical  signal  to  noise  ratio  was  = 100.  The 
wavelengths  and  the  constants  used  for  the  calculation  of  the 
temperature  are  given  in  Table  2 . 
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A profile  of  the  temperatures  in  the  flame  was  performed 
by  using  the  procedure  of  scanning  the  first  excitation  laser. 
The  lasers  were  positioned  at  - 7 mm  above  the  burner  head, 
which  corresponded  to  ~ 2 mm  above  the  inner  cone.  Five 
spectra  were  acquired  for  each  calculated  flame  temperatures. 
Figure  47  shows  a representative  plot  with  the  linear 
regression  line  for  each  one  of  the  5 scans;  the  graph  shows 
the  data  for  the  position  placed  at  3.4  mm  from  the  center  of 
the  flame.  This  position  was  the  furthest  position  from  the 
center  that  generated  a spectrum  with  a reasonable  signal  to 
noise  ratio  so  that  peak  heights  could  be  measured. 

Table  3 summarizes  the  temperature  values  obtained  for 
the  different  positions  in  the  flame  that  were  analysed.  The 
flame  temperature  profile  is  shown  in  Figure  48.  The  relative 
standard  deviations  were  generally  in  the  range  4%  - 11%.  It 
was  observed  that  the  signal  to  noise  ratio  for  each  flame 
position  was  dependent  on  the  concentration  of  the  nebulized 
indium  solution;  higher  indium  concentrations  (=  2%)  for  the 
flame  edge  and  lower  indium  concentrations  (=  0.5  %)  for  the 
center  of  the  flame  produced  the  best  results.  The  temperature 
value  for  the  position  at  the  center  of  the  flame  obtained  for 
this  second  scanned  region  was  2722  ± 325  K and  was  comparable 
to  the  temperature  obtained  for  the  first  scanned  region,  2516 
± 175  K;  however,  the  standard  deviation  was  larger.  On  the 
other  hand,  it  should  be  noted  that  the  larger  temperature 
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Table  3.  Temperatures  obtained  for 
the  OH/ In -RID  technique.* 


Distance  from  center 
(mm) 

Temperature 

(K) 

0 

27  22  ±325 

0.2 

2423  ±112 

0.4 

2532±182 

0.6 

27 19  ±228 

0 . 8 

2451±149 

1.1 

27  44  ±149 

1.5 

257 1±333 

1.9 

2596  ±252 

2.3 

2518±242 

2.7 

2417  ±130 

3 . 1 

2067  ±126 

3.4 

2234±169 

* The  procedure  of  scanning  the 
excitation  laser  was  used 
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value  was  obtained  for  a distance  of  2 mm  above  the  inner  cone 
of  the  flame,  while  the  smaller  value  refered  to  a distance  of 
4 mm  above  the  inner  cone  of  the  flame.  The  flame  temperature 
did  not  exhibit  much  variation  in  the  region  between  the 
center  and  2.5  cm  away  from  the  center;  towards  the  edge  of 
the  flame  a significant  decrease  in  the  temperature  could  be 
observed.  Generally  the  relative  standard  deviation  values  for 
the  temperatures  obtained  for  the  two  different  excitation 
regions  scanned  were  quite  similar  and  seemed  to  be 
characteristic  of  the  OH/In-RID  method  for  our  system. 

A profile  of  the  temperatures  in  the  flame  was  performed 
also  by  using  the  procedure  of  "sitting"  on  the  peak  of  each 
transition.  Table  4 gives  the  temperature  values  obtained, 
while  Figure  49  shows  the  profile  exhibited  by  the  flame  using 
this  procedure.  Comparing  the  two  profiles,  it  can  be  observed 
that  the  flame  temperature  values  obtained  for  the  procedure 
of  "sitting"  on  the  peak  of  each  transition  are  significantly 
lower  than  the  values  obtained  for  the  procedure  of  scanning 
the  excitation  laser;  this  was  probably  a result  of  the 
difficulty  of  stopping  the  scan  of  the  excitation  laser  on  the 
peak  of  the  transition.  The  relative  standard  deviations  are 
also  higher  for  the  "sitting"  procedure;  generally  between  13% 
and  15%. 

Two  possibilities  of  alternative  techniques  for 
comparison  of  the  temperature  values  obtained  with  the  OH/In- 
RID  were  examined  but  could  not  be  used.  The  line  reversal 
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Table  4.  Temperatures  obtained  for 
the  OH/ In- RID  technique.* 


Distance  from  center 

Temperature 

(mm) 

(K) 

0 

19 14  ±257 

O 

DO 

1912±264 

0.4 

1816  ±27  9 

0.6 

17  67  ±246 

1.1 

1890±268 

1.6 

1902±285 

2.1 

1817  ±27  3 

* The  procedure  of  "sitting"  on  the 
peak  of  each  transition  was  used 
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method  [43,52]  could  not  be  employed  since  a calibrated 
blackbody  radiator  was  not  available  in  our  laboratory  at  the 
time  of  this  work.  The  technique  of  determination  of  the 
electronic  temperature  of  the  flame  through  detection  of  iron 
emission  [52,56,57]  in  the  region  369.0  - 378  nm  was 
experimentally  tried.  Unfortunately,  the  spectral  resolution 
achieved  in  our  system  was  not  sufficient  to  resolve  the  iron 
emission  peaks  while  using  the  monochromator  in  the  first 
order.  Second  order  was  also  tried,  but  the  peak  intensities 
were  too  low  and  the  S/N  ratio  was  poor.  The  "two-line"  method 
of  flame  temperature  measurement  for  iron  emission  [58]  was 
investigated,  but  the  resolution  and/or  the  intensities  of  the 
peaks  were  not  sufficient  for  any  of  the  line-pairs  to  be 
used. 

Laser  induced  fluorescence  (LIF)  was  employed  as  a 
comparison  technique  for  the  temperatures  in  the  flame.  The 
transitions  of  the  OH  1 -»  0 band  that  were  excited  were  in  the 
region  * 281.5  nm  - 287.8  nm  and  they  correspond  to  the  same 
transitions  used  for  the  second  scanned  region  employed  for 
the  OH/In-RID  experiments:  R^O,  R26,  R25,  R210,  Rx12,  R22,  Pxl, 
Qx4  and  Qa5.  Figure  50  shows  a typical  fluorescence  excitation 
spectrum  obtained  in  our  experiments.  The  flame  volume  probed 
was  - 50  x 10‘6  cm3.  This  volume  was  25  times  greater  than  the 
volume  probed  by  the  OH/In-RID,  because  of  the  excellent 
spatial  resolution  of  the  OH/In-RID  technique. 
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Figure  51  shows  a representative  plot  with  the  linear 
regression  line  for  each  one  of  the  5 scans  that  were  usually 
recorded  for  calculation  of  each  temperature.  In  this 
experiment,  the  center  of  the  flame  was  imaged  into  the 
monochromator  and  the  laser  path  was  positioned  at  about  2 mm 
above  the  inner  cone.  The  temperature  obtained  was  1897  ± 87 
K.  Even  though  an  attempt  was  made  to  image  only  the  central 
region  of  the  flame  into  the  monochromator,  the  lower 
temperature  values  were  probably  observed  because  the  LIF 
temperature  corresponded  to  a line-of-sight  measurement. 
Therefore,  this  temperature  is  an  average  of  the  flame 
temperature  at  = 2 mm  above  the  inner  cone,  which  was  the 
region  excited  by  the  laser  beam,  while  the  OH/In-RID 
temperature  values  were  spatially  resolved  and  representative 
of  the  flame  area  probed  by  the  intersection  of  the  two  beams. 
The  standard  deviation  is  of  the  same  order  of  magnitude  as 
the  smaller  values  obtained  by  the  OH/In-RID  technique. 

The  LIF  technique  used  here  did  not  have  the  high  spatial 
resolution  of  the  OH/In-RID.  A profile  of  the  flame 
temperatures  was  attempted  by  imaging  into  the  monochromator 
different  parts  of  the  flame.  The  excitation  laser  beam  and 
the  monochromator  entrance  slits  were  parallel  to  each  other. 
The  imaging  of  different  regions  of  the  flame  was  achieved  by 
moving  the  flame  across  the  monochromator  slit.  The  flame 
temperature  profile  obtained  is  shown  in  Figure  52.  The 
temperature  results  are  summarized  in  Table  5.  The 
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Table  5 . Temperatures  obtained  for 
the  LIF  technique  * 


Distance  from  center 
(mm) 

Temperature 

(K) 

0 

17  55±89 

1.6 

17  02±120 

2.6 

1855±69 

* The  procedure  of  scanning  the 
excitation  laser  was  used 
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temperature  values  obtained  were  very  similar  for  the  whole 
region  probed  and  a difference  in  flame  temperature  at 
different  regions  could  not  be  detected.  The  relative  standard 
deviations  were  of  the  same  order  of  magnitude  as  the  smaller 
values  obtained  by  the  OH/In-RID  technique. 

The  precision  of  the  OH/In-RID  method  using  our 
experimental  setup  was  not  comparable  with  the  values  commonly 
reported  for  measurement  of  flame  temperatures,  which  can 
exhibit  precision  values  as  low  as  5 K for  the  line-reversal 
method  and  are  between  50  - 200  K for  spectral  emission 
methods  [52].  Experimental  conditions  such  as  poor  precision 
in  the  energy  output  of  the  second  excitation  laser,  on  the 
order  of  30  -40%,  and  problems  in  the  delivery  of  solution  to 
the  flame  due  to  the  nebulizer  performance  could  have 
contributed  to  the  errors  in  the  temperature  measurements. 

This  problem  could  also  be  associated  with  the  fact  that 
the  excitation  laser  pulses  used  were  of  the  order  of  8 ns, 
while  pulses  of  the  order  of  /js  are  generally  used  for  flame 
temperature  measurements.  The  achievement  of  steady-state 
conditions  in  the  rotational  levels  can  be  questioned  when 
flame  radicals  such  as  OH  are  subjected  to  such  short  pulse 
excitation  [59]  since  the  laser  pulse  is  probably  not  long 
enough  to  allow  all  the  rotational  level  populations  to 
equilibrate.  In  the  case  of  the  fluorescence  mechanism  for  the 
OH/In-RID,  each  rotational  level  might  also  exhibit  different 
temporal  collisional  behavior  in  populating  the  fluorescing 


185 


level  (Q125)  in  the  v'=2  manifold.  Steady  state  is  established 
throughout  the  upper  and  lower  sets  of  rotational  levels  only 
after  a succession  of  collisional  transfers  occurs,  which  for 
OH  has  been  estimated  to  require  more  than  30  ns  in  an 
atmospheric  flame. 

The  use  of  fluorescence  data  obtained  by  laser  excitation 
pulse  lengths  of  the  order  of  nanoseconds  can  be  simplified  by 
the  use  of  the  balanced  cross-rate  model.  The  basic  principle 
of  this  model  is  that  the  single  directly  excited  upper 
rotational  level  is  coupled  very  strongly  to  the  single 
directly  excited  lower  rotational  level  via  fast  absorption 
and  stimulated  emission  processes.  As  a consequence,  at 
saturation  intensities,  a steady-state  population  balance  is 
established  between  these  two  levels  in  much  less  than  a 
nanosecond.  The  achievement  of  steady-state  throughout  the 
rest  of  the  rotational  levels  is  established  much  more  slowly 
by  collisional  transfer  processes  [48,59].  The  application  of 
the  balanced  cross-rate  model  to  the  prevailing  conditions  in 
our  system  is  somewhat  difficult  because  saturation  conditions 
were  not  reached  for  the  first  excitation  step  (Aexc)  . 
Furthermore,  the  mechanism  responsible  for  the  OH/In-RID  has 
not  yet  been  determined  with  certainty  and  further  studies  are 
needed  to  validate  the  use  of  this  model  for  the  OH/In-RID 
results  obtained  in  this  work. 


CHAPTER  6 

CONCLUSIONS  AND  FUTURE  WORK 

The  resonance  ionization  detection  technique  using  indium 
as  the  detector  element  was  evaluated  in  an  air-acetylene 
flame.  Both  one  step  excitation  at  A12=303.9  nm  and  step-wise 
excitation  using  A12=303.9  nm  and  A23=  7 8 6.4  nm  were  studied. 
Collisions  in  the  flame  were  responsible  for  the  ionization 
step.  Saturation  curves  were  performed  for  both  excitation 
schemes.  The  conditions  of  a photon  detector  are  best 
simulated  for  low  energy  values  in  the  first  excitation  step 
and  saturation  of  the  second  excitation  step.  For  our 
experimental  configuration,  these  energy  values  corresponded 
to  less  than  7 nJ  for  the  first  transition  and  more  than  80  jjJ 
for  the  second  transition.  The  quantum  efficiency  of  the 
detector  was  estimated  to  be  = 2.2  %;  this  low  value  could  be 
associated  with  the  poor  output  energy  performance  of  the  dye 
laser  that  delivered  the  second  excitation  step. 

An  LEI  rotational  spectrum  of  OH  1 ■*  0 band  was  recorded 
in  the  In-RID  while  scanning  the  first  excitation  laser  (Aexc) 
in  the  region  - 281.0  nm  to  288.0  nm  and  having  the  second 
excitation  laser  (A23)  at  786.4  nm.  The  LEI  signal  showed  a 
linear  dependence  on  the  energy  of  Aexc  up  to  the  maximum 
energy  attainable  at  the  flame  (=  300  pj)  and  no  optical 
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saturation  could  be  observed.  The  second  excitation  step  could 
be  saturated  with  = 2.5  mJ  of  energy.  Studies  pointed  to  the 
following  values  for  optimized  conditions:  voltage  applied  to 
the  collection  electrode  between  -1300  and  -1600  V; 
concentration  of  In  = 2%;  incident  power  applied  to  the 
ultrasonic  nebulizer  of  - 30  W and  flow  rates  of  108  cm3  min"1 
for  acetylene  and  800  cm3  min'1  for  air. 

Two  mechanisms  were  proposed  to  explain  the  observed 
rotational  OH  spectrum  recorded  in  the  RID,  the  fluorescence 
capture  mechanism  and  the  energy  transfer  mechanism.  Several 
experiments  were  performed  to  evaluate  the  possibility  of  one 
or  both  mechanisms  being  involved  in  the  OH/In-RID.  Some 
experimental  evidence  favored  the  energy  transfer  process 
while  others  favored  the  fluorescence  mechanism.  Definite 
proof  of  the  actual  mechanism  involved  in  the  detection  of  OH 
using  the  In-RID  was  not  accomplished  and  both  mechanisms 
could  be  contributing  to  the  phenomenon. 

The  application  of  the  OH/In-RID  to  the  determination  of 
flame  temperatures  was  evaluated.  Flame  temperatures  were 
profiled  using  the  procedure  of  obtaining  an  excitation 
spectrum  for  each  flame  temperature  measurement  and  the 
procedure  of  doing  a slow  scan  of  the  first  excitation  laser 
to  the  peak  of  each  transition  and  measuring  the  peak  while 
sitting  on  the  transition  peak.  The  former  produced  smaller 
standard  deviations  and  higher  temperature  values  than  the 
latter,  probably  due  to  the  difficulty  of  stopping  the  scan  of 
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the  excitation  laser  right  on  the  peak  of  the  transition  in 
the  "sitting"  procedure.  The  temperature  values  obtained  for 
= 2 mm  above  the  inner  cone  with  the  "scanning"  procedure  were 
= 2500  - 2700  K for  the  region  between  0 and  2.3  mm  away  from 
the  center;  the  temperature  values  were  lower  towards  the  edge 
of  the  flame,  reaching  ~ 2200  K at  3.4  mm  away  from  the  center 
of  the  flame.  Relative  standard  deviations  were  of  the  order 
of  4 - 11  %. 

The  results  of  the  flame  temperature  measurements  using 
the  OH/In-RID  were  compared  with  results  obtained  with  LIF. 
The  temperature  values  for  the  LIF  technique  were  lower  than 
those  obtained  with  the  OH/In-RID;  values  around  = 1700  - 1860 
were  obtained  for  the  region  at  = 2 mm  above  the  inner  cone 
and  between  0 and  2.6  mm  away  from  the  flame  that  was  probed. 
These  lower  values  probably  resulted  from  the  line-of-sight 
observations  in  the  LIF  measurements,  while  the  OH/In-RID 
values  were  spatially  resolved.  The  relative  standard 
deviations  for  the  LIF  technique  were  of  the  same  order  of 
magnitude  of  the  smaller  values  obtained  by  the  OH/In-RID, 
i . e . , 4% . 

The  poor  precision  of  the  OH/In-RID  in  our  experimental 
conditions  could  be  associated  with  the  use  of  short  pulse 
excitation  lasers  of  the  order  of  8 ns;  for  these  short  pulse 
lengths,  the  achievement  of  steady  state  conditions  in  the 
rotational  states  can  be  questioned. 
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Application  of  the  OH/In-RID  to  combustion  diagnostics 
can  be  proposed  as  a direct  extension  of  this  work.  The 
spatial  mapping  of  OH  number  density  distributions  in  flames 
of  different  types  and  compositions  and  the  determination  of 
other  fundamental  constants  related  to  the  quenching  and 
collisional  processes  in  flames  could  contribute  to  the 
understanding  of  the  overall  combustion  process. 

Longer  dye  laser  pulses,  on  the  order  of  pis,  should  be 
investigated  as  excitation  sources  for  the  OH/In-RID.  Those 
lasers  could  provide  energy  to  the  system  for  a period  of  time 
sufficient  for  achievement  of  a steady-state  regime  through 
successive  collisional  transfers.  If  this  steady-state 
condition  was  not  achieved  with  our  nanosecond  excitation 
laser,  better  precision  and  accuracy  could  probably  be 
achieved  by  this  approach. 

Other  experiments  are  necessary  in  order  to  investigate 
the  proposed  mechanisms  for  the  OH/In-RID.  One  such  experiment 
is  the  time  resolved  measurement  of  the  build  up  of  the 
fluorescence  signal  at  303.9  nm  from  OH  transition  Qj25  (2  -»  1 
band)  with  respect  to  the  excitation  laser  pulse  Aexc.  This 
signal  should  be  compared  with  the  fluorescence  build  up  from 
OH  at  306.4  nm  ( 0 ■*  0 bandhead)  . It  is  expected  that  the 
former  would  show  a slower  build  up,  since  the  transfer  from 
the  excited  v'=l  level  to  the  v'=2  would  have  to  rely  on 
upward  collisional  transfer  processes.  In  this  case,  a 
delaying  of  the  second  excitation  laser  (X22)  in  relation  to 
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the  first  excitation  laser  ( Xexc ) would  result  in  an  increase 
of  the  LEI  signal,  since  the  temporal  overlapping  of  the 
fluorescence  photons  and  X23  would  be  optimized  if  the 
fluorescence  capture  mechanism  is  valid. 

Detection  of  OH  using  resonance  ionization  with  other 
detection  elements  can  be  attempted.  The  use  of  bismuth  as  a 
detector  element  for  OH  in  a flame  seems  feasible.  For  the 
Bi-RID,  the  following  excitation  scheme  could  be  used: 
A12=306.772  nm  and  A23=382.0.  The  OH  transition  R29  ( 0 -*  0 
band),  Xtrans=306 . 7775  nm,  has  an  intensity  = 400  times  greater 
than  the  Q325  ( 2 ->  1 band)  that  has  been  hypothesized  as  being 
the  first  excitation  step  for  the  present  OH/In-RID  in  the 
fluorescence  capture  mechanism.  Assuming  that  the  fluorescence 
photons  emitted  by  OH  at  306.7775  nm  would  be  collected  by  the 
detector  as  the  first  excitation  step  for  the  bismuth  atoms, 
the  OH/Bi-RID  would  theoretically  exhibit  signals  « 400  times 
more  intense  than  the  OH/In-RID.  Furthermore,  the  technique 
would  rely  on  downward  vibrational  energy  transfer  from  the 
v'=l  to  the  v'=0  instead  of  the  upward  vibrational  transfer 
from  v'=l  to  v'=2  in  OH/In-RID. 

The  energy  coincidence  of  rotational  and  vibrational 
transitions  of  other  flame  species,  such  as  NO  and  CO,  with 
transitions  from  the  ground  states  for  other  atomic  elements 
should  be  examined  in  order  to  evaluate  the  possibility  of 
detection  of  these  flame  species  by  resonance  ionization 
detection. 
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